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Preface

WIRELESS—OR RADIO—has branched out and developed so tremen-
dously that very many books would be needed to describe it all in
detail. Besides broadcasting sound and vision, it is used for com-
munication with and between ships, aircraft, trains and cars; for
direction-finding and radar (radiolocation), photograph and
* facsimile ”” transmission, telegraph and telephone links, mcteoro-
logical probing of the upper atmosphere, asironomy, and other
things. Very similar techniques are being applied on an increasing
scale to industrial control (*automation”) and scientific and
{inancial computation. All of these are based on the same founda-
tional principles. The purpose of this book is to start at the
beginning and lay these foundations, on which more dctailed
knowledge can then be buiit.

At the beginning. . . . 1If you had to tell somebody about a
cricket match you had seen, your description would depznd very
much on whether or not your hearer was familiar with the jargon of
the game. If he wasn’t and you assumed hz was, he would be
puzzled. If it was the other way about, he would be irritated.
There is the same dilemma with wireless. It takes much less time to
explain it if the reader is familiar with methods of expression, such
as symbols, that are taken for granted in scientific discussion but
not in ordinary conversation. This book assumes hardly any
special knowledge. But if the use of graphs aund symbols had to be
completely excluded, or else accompanied everywhere by digressions
explaining them, it would be very boring fcr the initiated. So the
methods of technical expression are explained separately in a
preliminary Initiation. Those already initiated can of course skip
it; but it might be as well just to make sure, because this is a most
essential foundation.

Then there are the technical terms. They are explained one by
one as they occur and their first occurrence is distinguished by
printing in italics; but in case any are forgotten they can be looked
up at the end of the book; and so can the symbols and abbrevia-
tions. These references are there to be used whenever the nmeaning
of anything is not understood.

Most readers find purely abstract principles very dull; it is more
stimulating to have in mind some application of those principles.
As it would be confusing to have all the applications of radio in
mind at once, broadcasting of sound is mentioned most often
because it directly affects the largest number of pecople. But the
same principles apply morc or less to all the other things. The
reader who is interested in the communicating of something other
than sound has only to substitute the appropriate word.

March, 1958 M. G. SCROGGIE
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Initiation into the Shorthand of Wireless

GLANCING THROUGH THIS BOOK, yOU cCan see Nnumerous strange
signs and symbols. Most of the diagrams consist of little else,
while the occasional appearance of what looks like algebra may
create a suspicion that this is a Mathematical Work and therefore
quite beyond a beginner.

Yet these devices are not, as might be supposed, for the purpose
of making wireless look more learned or difficult. Quite the
contrary. Experience has shown them to be the simplest, clearest
and most compact ways of conveying the sort of information
needed.

The three devices used here are Graphs, Circuit Diagrams, and
Algebraic Symbols. The following explanations are only for readers
who are not quite used to them.

ALGEBRAIC SYMBOLS

If a car had travelled 90 miles in 3 hours, we would know that its
average speed was 30 miles per hour. How? The mental
arithmetic could be written down like this:

90 =3 =130
That is all right if we are concerned only with that one particular

journey. If the same car, or another one, did 7 miles in a quarter
of an hour, the arithmetic would have to be:
7+31=28

To let anyone know the speed of any car on any journey, it would
be more than tedious to have to write out the figures for every
possible case. All we need say is, ““ To find the average speed in
miles per hour, divide the number of miles travelled by the number
of hours taken ™.

What we actually would say would probably be briefer still:
“To get the average speed, divide the distance by the time .
Literally that is nonsense, because the only things tha: can be
arithmetically divided or inultiplied are numbers. But of course
the words * the number of ” are (or ought to be!) understood.
The other words— miles per hour ”, ‘ miles”, * hours ”~—the
units of measurement, as they are called, may also perhaps be taken
for granted in such an easy case. In others, missing them out
might lead one badly astray. Suppose the second journey had been
specified in the alternative form of 7 miles in 15 minutes. Dividing
one by the other would not give the right answer in miles per hour.
It would, however, give the right number of miles per minute.

In wireless, as in other branches of physics and engineering, this
matter of units is often less obvious, and always has to be kept
in mind.

1



FOUNDATIONS OF WIRELESS

Our instruction, even in its shorter form, could be abbreviated

by using mathematical symbols as we did with the numbers:
Average speed = Distance travelled = Time taken.

Here we have a concise statement of general usefulness; note
that it applies not only to cars but to railway trains, snails, bullets,
the stars in their courses, and everything else in heaven or earth that
moves.

Yet even this form of expression becomes tedious when many
and complicated statements have to be presented. So for con-
venience we might write:

S=D =T
; D
or alternatively S = g
or, to suit the printer, S = D|T

What Letter Symbols Really Mean

This is the stage at which some people take fright, or become
impatient. They say, “ How can you divide D by 7? Dividing
one letter by another doesn’t mean anything. You have just said
yourself that the only things that can be divided are numbers!”
Quite so. It would be absurd to try to divide D by 7. Those

“letters are there just to show what to do with the numbers when
you know them. D, for example, has been used to stand for the
number of miles travelled.

The only reason why the letters S, D and T were picked for this
duty is that they help to remind one of the things they stand for.
Except for that there is no reason why the same information should
not have been written as

e &

or even o0 = B
Y

so long as we know what these symbols were intended to mean.
As there are only 26 letters in our alphabet, and fewer still in the
Greek, it may not be feasible to allocate any one of them per-
manently, be it S or x or «, to mean * average speed in miles per
hour . x, in particular, is notoriously capable of meaning abso-
lutely anything. Yet to write out the exact meaning every time
would defeat the whole purpose of using the letters. How, then,
does one know the meaning?

Well, some meanings have been fixed by international agreement.
There is one symbol that means the same thing every time, not only
in wireless but in all the sciences—the Greek letter = (read as
“pie”). Itis a particularly good example of abbreviation because
it stands for a number that would take eternity to write out in full—
the ratio of the circumference of a circle to its diameter, which
begins: 3-1415926535..... (The first three or four decimal
places give enough accuracy for most purposes.)

2



INITIATION INTO THE SHORTHAND OF WIRELESS

Then there is a much larger group of symbels which have been
given meanings that hold good throughout a limited field such as
electrical engineering, or one of its subdivisions such as wireless,
but are liable to mean something different in, say, astronomy or
hydraulics. These have to be learnt by anyone going in for the
subject seriously. A list of those that concern us appears on
pages 373-374 of this book; but do not try to learn them there. It
is much easier to wait till they turn up one by one in the body of
the book.

Lastly, there are symbols that one uses for all the things that are
not in a standard list. Here we are free to choose our own; but
there are some rules it is wise to observe. It is common sense to
steer clear as far as possible from symbols that already have
established meanings. The important thing is to state the meaning
when first using the symbol. It can be assumed to bear this meaning
to the end of the particular occasion for which it was attached;
after that, the label is taken off and the symbol thrown back into
the common stock, ready for use on another occasion, perhaps with
a different label—provided it is not likely to be confused with
the first.

Sometimes a single symbol might have any of several different
meanings, and one has to decide which it bears in that particular
connection. The Greek letter u (pronounced ““ mew ) is an
example that occurs in this book. When the subject is a radio
valve, it can be assumed to mean * amplification factor . But if
iron cores for transformers are being discussed, 1 should be read
as *‘ permeability . And if it comes before an upright letter it is
an abbreviation for “ micro-”, meaning ** one millionth of ™.

Some Other Uses of Symbols

The last of these three meanings of u is a different kind of meaning
altogether from those we have been discussing. Until then we had
been considering symbols as abbreviations for quantities of certain
specified things, such as speed in miles per hour. But there are
several other uses to which they are put.

Instead of looking on S = D/T ” as an instruction for calculat-
ing the speed, we can regard it as a statement showing the relation-
ship to one another of the three quantities, speed, time and distance.
Such a statement, always employing the * equals** sign, is called
by mathematicians an equation. From this point of view S is no
more important than 7 or D, and it is mercly incidental that the
equation was written in such a form as to give instructions for
finding S rather than for finding either of the other two. We are
entitled to apply the usual rules of arithmetic in order to put the
statement into whatever form may be most convenient when we
come to put in the numbers for which the letters stand.

For example, we might want to be able 10 calculate the time
taken on a journey, knowing the distance and average speed. We
can divide or multiply both  sides * of an equation by any number

3



FOUNDATIONS OF WIRELESS

(known, or temporarily represented by a letter) without upsetting
their equality. If we multiply both sides of § = D/T by T we get
ST = D (ST being the recognized abbreviation for § x T)
Dividing both sides of this new form of the equation by S we get
T = DJS. Our equation is now in the form of an instruction to
divide the number of miles by the speed in miles per hour (e.g.,
120 miles at 24 m.p.h. takes 5 hours).

When you see books on wireless (or any other technical subject)
with pages covered almost entirely with mathematical symbols,
you can take it that instead of explaining in words how their con-
clusions are reached, the authors are doing it more compactly in
symbols. It is because such pages are concentrated essence, rather
than that the meanings of the symbols themselves are hard to learn,
that makes them difficult. The procedure is to express the known
or assumed facts in the form of equations, and then to combine or
manipulate these equations according to the established rules in
order to draw some useful or interesting conclusions from those
facts.

This book, being an elementary one, explains everything in words,
and only uses symbols for expressing the important facts or con-
clusions in concise form.

Abbreviations

Another use of symbols is for abbreviation pure and simple.
We have already used one without explanation—m.p.h.—because
it is well known that this means ** miles per hour . The mile-per-
hour is a unit of speed. “Lb” is a familiar abbreviation for
a unit of weight. The unit of electrical pressure is the volt, denoted
by the abbreviation V. Sometimes it is necessary to specify very
small voltages, such as 5 millionths of a volt. That could be
written 0-000005 V. But 1 more convenient abbreviation is 5 .V,
read as ** 5 microvolts ”. The list on pages 373-374 gives all the
abbreviations commonly used in wireless.

Still another use for letters is to point out details on a diagram.
R stands for electrical resistance, but one has to guess whether it is
intended to mean resistance in general, as a property of conductors,
or the numerical value of resistance in an equation, or the particular
resistance marked R in a diagram. Often it may combine these
meanings, being understood to mean  the numerical value of the
resistance marked R in Fig. So-and-so .

Attaching the right meanings to symbols probably sounds dread-
fully difficult and confusing. So do the rules of a new game. The
only way to defeat the difticulties is to start playing the game.

But before starting to read the book, here are a few more hints
about symbols.

How Numbers are Used

One way of making the limited stock of letters go farther is to
use different kinds of type. It has become a standard practice to

4
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distinguish symbols for physical quantities by italic (sloping)
letters, leaving the roman (upright) ones for abbreviations; for
example, “ V' ” denotes an unspecified amount of electrical potential
difference, reckoned in volts, for which the standard abbreviation
is . V ”.

Another way of making letters go farther is to number them.
To prevent the numbers from being treated as separate things they
arc written small near the foot of the letter (** subscript ). For
example, if we want to refer to scveral different resistances we can
mark them R,, R,, Ry, etc. Sometimes a modification of a thing
denoted by one symbol is distinguished by a tick or dash; 4 might
stand for the amplification of a receiver when used normally, and 4’
when modified in some way.

But on no account must numbers be used  superscript ” for this
purpose, because that already has a standard meaning. 5% (read
as “ 5 squared ) means 5 X 5; 5% (* 5 cubed ') means SXx5x%5;
54 (““ 5 to the 4th power ™) means 5 X 5 X 5 X 5; x* means the
number represented by x multiplied by the same number.

x2 seems nonsensical according to the rule just illustrated. It
has been agreed, however, to make it mean 1/x* (called the reciprocal
of x squared). The point of this appears most clearly when these
superscripts, called indices (singular: index), are applied to the
number 10. 104 = 10,000, 103 = 1,000, 10? = 100, 10* = 10,
10° = 1, 10-! = 0-1, 10~2 = 0-01, and so on. The rule is that
the power of 10 indicates the number of places the decimal point
has to be away from 1; with a positive index it is on the right;
negative, on the left. Advantage is taken of this to abbreviate very
large or very small numbers. It is easier to see that 0-0000000026
is 2-6 thousand-millionths if it is written 2-6 X 10~°. Likewisc
2-6 x 1012 is briefer and clearer than 2,600,000,000,000.

xt also needs explanation. It is read as “ the square root of x”,
and is often denoted by 4/x. It signifies the number which, when
multiplied by the same number, gives x. In symbols (v/x)? = x.

Note that 108 x 108 = 10'2, and that 10! X 10-3 = 10'%/10® =
10°. In short, multiply by adding indices, and divide by sub-
tracting them. This idea is very important in connection with
decibels (p. 146).

GRAPHS

Most of us when we were in the growing stage used to stand bolt
upright against the edge of a door to have our height marked up.
The succession of marks did not convey very much when reviewed
afterwards unless the dates were marked too. Even then one had
to look closely to read the dates, and the progress of growth was
difficult to visualize. Nor would it have been a great help to have
presented the information in the form of a table with two columns—
Height and Date.

But, disregarding certain technical difficulties, imagine that the
growing boy had been attached to a conveyor belt which moved

5



FOUNDATIONS OF WIRELESS

HEIGHT IN FEET

9 1 2 3 4 5 6 7 8 9 10 U 12 13 14 B 1 17 18
AGE IN YEARS

Fig. 0.1-—Simple (but inconvenicat) system for automatic graph plotting of human
growth. The equipment consisis of a conveyor belt moving at the rate of one foot
per year, a pencil, and a white wall

him horizontally along a wall at a steady rate of, say, one foot per
year, and that a pencil fixed to the top of his head had been tracing
a line on the wall (Fig. 0.1). If he had not been growing at all, this
line would, of course, be straight and horizontal. If he had been
growing at a uniform rate, it would be straight but sloping upwards.
A variable rate of growth would be shown by a line of varying
slope.

In this way the progress over a period of years could be visualized
by a glance at the wall.

Scales

To make the information more definite, a mark could have been
made along a horizontal line each New Year’s Day and the number
of the year written against it. In more technical terms this would
be a time scale. The advantage of making the belt move at uniform
speed is that times intermediate between those actually marked can
be identified by measuring off a proportionate distance. If one
foot represented one year, the height at, say, the end of May in
any year could be found by noting the height of the pencil line
5 incnes beyond the mark indicating the start of that year.

Similarly a scale of height could be marked anywhere in a vertical
direction. It happens in this case that height would be represented
by an equal height. But if the graph were to be reproduced in a
book, although height would still represent height it would have to
do so on a reduced scale, say half an inch to a foot.

To guide the eye from any point on the information line to the
two scales, it is usual to plot graphs on paper prinied with horizontal
and vertical lines so close together that a pair of them is sure to
come near enough to the selected point for any little less or more to
be judged. The position of the scales is not a vital matter, but
unless there is a reason for doing otherwise they are marked along

6



INITIATION INTO THE SHORTHAND OF WIRELESS

the lines where the other quantity is zero. For instance, the time
scale would be placed where height is nil; i.e., along the foot of the
wall. If, however, the height scale were erected at the start of the
year 1 A.D. there would be nearly half a mile of blank wall between
it and the pencil line. To avoid such inconvenience we can use a
“ false zero ”, making the scale start at or slightly below the first
figure in which we are interested. A sensible way of doing it in this
example would be to reckon from the time the boy was born, as
in Fig. 0.1. The point that is zero on both scales is called the origin.

False zeros are sometimes used in a slightly shady manner to
give a wrong impression. Fig. 0.2a shows the sort of graph that
might appear in a company-promoting prospectus. The word
“ Profit ”” would, of course, be in big type, and the figures indistinctly,
so that the curve would seem to indicate a sensational growth in
profits. Plotted without a false zero, as in Fig. 0.2b, it looks much

—— 25,000 e ———— ——
;
12,000 |- 20,000
. “ )
. i.500 Z 15.000
2 2
E 1,000 |- 4 Lé 10.000
(=]
g * &
10,500 5.000
10,000, 0

1
1945 1946 1947 1948 1949 1950 1951 1945 1946 1947 1948 1949 1950 1951
YEAR YEAR

Fig. 0,2——(a) Typical tinancvial graph arranged to make the maximum impression
consistent with strict truthfulness. (b) The same information presented in a slightly
different mamer

less impressive. Provided that it is clearly admitted, however, a
false zero is useful for enabling the significant part of the scale to be
expanded and so read more precisely.

Fig. 0.2, by the way, is not a true graph of the sort a mathe-
matician would have anything to do with. Profits are declared
annually in lumps, and the lines joining the dots that mark each
year’s result have no meaning whatever but are there merely to guide
the eye from one to another.  In atrue graph a continuous variation
is shown, and the dots are so close together as to form a line. This
line is technically a curve, whether it is what is commonly understood
as a curve or is as straight as the proverbial bee-line.

What a ¢ Curve *’ Signifies
Every point on the curve in Fig. 0.1 represeats the height of the
boy at a certain definite time (or, put in another way, the time at
which the boy reached a certain height). Since it is possible to
distinguish a great number of points along even a small graph, and
cach point is equivalent to saying “ When the time was 7 years, the
7



FOUNDATIONS OF WIRELESS

height was H feet , a graph is not only a very clear way of pre-
senting information, but a very economical one.

Here we have our old friend 7" again, meaning time, but now in
years instead of hours. It is being used to stand for the number of
years, as measured along the time scale, represented by any point
on the curve. Since no particular point is specified, we cannot
tell how many feet the corresponding height may be, so have to
denote it by H. But directly 7 is specified by a definite number,
the number or value of H can be found from the curve. And
vice versa.

In its earlier role (p. 12) 7 took parl in an equation with two
other quantities, denoted by S and D. The equation expressed
the relationship between these three quantities. We now see that
a graph is a method of showing the relationship between two
quantities. It is particularly useful for quantities whose relation-
ship is too complicated or irregular to express as an equation—
the height and age of a boy, for instance.

Three-Dimensional Graphs

Can a graph deal with three quantities? There are two ways
in which it can, neither of them entirely satisfactory.

One method is to make a three-dimensional graph by drawing a
third scale at right angles to the other two. Looking at the corner
of a room, one can imagine one scale along the foot of one wall,
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Fig. 0.3—One way of graphing the rela-
tionship between speed, time and distance
of a journey

Fig. 0.4—A graph of speed against time for
any given distance can be derived from
Fig. 0.3

another at the foot of the other wall, and the third upwards along
the intersection between the two walls. The “curve” would
take the form of a surface in the space inside—and generally also
outside—the room. There are obvious difliculties in this.

The other method is to draw a number of cross-sections of the
three-dimensional graph on a two-dimensional graph. In other
8
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words, the three variable quantities are reduced to two by assuming
some numerical value for the third. We can then draw a curve
showing the relationship between the two. A different numerical
value is then assumed for the third, giving (in general) a different
graph. And so on.

Let us take again as an example D =S7. If any numerical value
is assigned to the speed, S, we can easily plot a graph connecting
D and T, as in Fig. 0.3. When the speed is zero, the distance
remains zero for all time, so the S = 0 curve is a straight line
coinciding with the time scale. When S'is fixed at I m.p.k., D and T
are always pumerically equal, giving a line (S = 1 ) sloping up
with a l-in-1 gradient (measured by the 7 and D scales). The
“ § = 2 line slopes twice as steeply; the " S = 3 line three times
as steeply, etc.

If a fair number of S curves are available, it is possible to replot
the graph to show, say, S against 7 for fixed values of D. A
horizontal line drawn from any selected vaiue on the D scale in
Fig. 0.3 (such as D = 10) cuts each S curve at one point, from which
the T corresponding to that .S can be read off and plotted, as in
Fig. 0.4. Each point plotted in Fig. 0.4 corresponds to an S curve in
- Fig. 0.3, and when joined up they give a new curve (really curved
this time!). This process has been demonstrated for only one value
of D, but of course it could be repecated to show the time/speed
relationship for other distances. Fig. 0.4 gives numerical expression
to the well-known fact that the greater the speed the shorter is the
time to travel a specified distance.

Graphs of this triple kind are important in many branches of
wireless; for example, with valves, whose relationships cannot be
accurately expressed as equations.

Significance of Slope

Even from simple two-dimensional grapts like Fig. 0.1 it may
be possible to extract information that is worth replotting separately.
It is clear that a third quantity is involved—rate of growth. This is
not an independent variable; it is determined by the other two.
For it is nothing else than rate-of-change-of-height. As we saw at
the start, when the curve slopes upward steeply, growth is rapid;
when the curve flattens out, it means that growth has ceased; and
if the curve started to slope downwards—a negative gradient—it
would indicate negative growth. So it would be possible to plot
growth in, say, inches per year, against age in years. This idea of
rate-of-change, indicated on a graph by slope, is the essence of no
less a subject than the differential calculus, which is much easier than
it is often made out to be. If you are anxious to get a clearer
view of any electrical subject it would be well worth while to read at
least the first few chapters of an elementary book on the differential
calculus, such as S. P. Thompson’s “ Calculus Made Easy ™.
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INITIATION INTO THE SHORTHAND OF WIRELESS
Non-Uniform Scales

Finally, although uniform scales for graphs are much the easiest
to read, there may quite often be reasons which justify some other
sort of scale. The most important, and the only one we need
consider here, is the logarithmic scale. In this, the numbers are so
spaced out that a given distance measured anywhere along the scale
represents, not a certain addition, but a certain ratio or multiplication.
Musicians use such a scale (whether they know it or not); their
intervals correspond to ratios. For example, raising a musical
note by an octave means doubling the frequency of vibration, no
matter whereabouts on the scale it occurs. Users of slide-rules
are familiar with the same sort of scale. Readers who are neither
musicians nor slide-rule pushers can see the difference by looking
at Fig. 0.5, where a is an ordinary uniform (or /inear) scale and b is
logarithmic. If we start with a and note any two scale readings
14 inches apart we find that they always differ by 10. Applying
the same test to b we find that the difference may be largs or small,
depending on whether the inch and a half is near the top or bottom.
But the larger reading is always 10 times the smaller.

One advantage of this is that it enables very large and very small
readings to be shown clearly on the same graph. Another is that
with some quantities (such as musical pitch) the ratio is more
significant than the numerical interval. Fig. 16.11 is an example of
logarithmic scales.

CircuIiT DIAGRAMS

It is easier to identily the politicians depicted in our daily papers
in the cartoons than in the news photos. There is a sense in which
the distorted versions of those gentlemen presented by the cari-
caturist are more like them than they are themselves. The dis-
tinguishing features are picked out and reduced to conventional
forms that can be recognized at a glance.

A photograph of a complicated machine shows just a maze of
wheels and levers, from which even an experienced engineer might
derive little information. But a set of blue-prints, having little
relation to the original in appearance. would enable him, if necessary,
to reproduce such a machine.

There should be no further need to argue why circuit diagrams
are more useful than pictures of radio sets.

In a circuit diagram each component or item that has a significant
electrical effect is represented by a conventional symbol, and the
wires connecting them up are shown as lines. Fortunately, except
for a few minor differences or variations, these symbols are recogniz-
ably the same all over the world. Most of them indicate their
functions so clearly that one could guess what they mean. How-
ever, they are introduced as required in this book, and the whole
lot are lined up for reference on p. 375,

H
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Alternative Methods

The only matter about which there is a sharp difference of opinion
is the way in which crossing wires should be distinguished from
connected wires. Fig. 0.6a shows th¢ method preferred by the
author; an unconnected crossing wire is indicated by a little half-
loop. In an alternative method b, which is general in America,
crossing wires are assumed to be unconnected unless marked by a
blob. There is obviously a risk that either the blob may be omitted
where needed or may form unintentionally (especially when the
lines are drawn in ink) where not wanted. Even when correctly
drawn the difference is harder to see. A third method ¢ is some-
times used; it is neater and easier to draw than a and clearer than b.
The blob is not essential in @ but it makes the distinction doubly
sure. To make triply sure it is recommended that connecting
crossings should always be staggered, as at d. Of all the methods,
b is by far the worst. It is only shown here because unfortunately
it is often used.

Another variation that may be worth mentioning is that some
people omit to draw a ring round the symbols that represent the
“innards > of a valve or transistor. In this book they are drawn
thicker than the connecting wires, and make the valves (which are
usually key components) stand out distinctly. See Fig. 19.21, for
example.

The Importance of Layout

But there is a good deal more in the drawing of circuit diagrams
than just showing all the right symbols and connections. If the
letters composing a message were written at random all over the
paper, nobody would bother to read it even if the correct sequence
were shown by a maze of connecting lines—unless it was a clue to
valuable buried treasure. And a circuit diagram, though perfectly
accurate, baffles even a radio engineer if it is laid out in an unfamiliar
manngr. The layout has by now become largely standardized,
though again there are some national differences. It is too soon
in the book to deal with layout in detail, but here are some general
principles for later reference.

The first is that the diagram should be arranged for reading from
left to right. In a receiver, for example, the aerial should be on the
left and the final item, the loudspeaker, on the right.

Next, there is generally an ‘ ecarthed” or * low-potential ”
connection. This should be drawn as a thicker line along the foot
of the diagram. The highest potential connections should be at
the top. This helps one to visualize the potential distribution.

Long runs of closely parallel wires are difficult to follow and
should be avoided.

But, as with written symbols, it is easier to get accustomed to
circuit diagrams with practice. An effort has been made in this
book to exemplify sound practice in diagram drawing.

12
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Where Circuit Diagrams can Mislead

There is one warning which it is prudent to heed in connection
with circuit diagrams, especially whea going on to more advanced
work. They are an amaringly convenient and well-conceived aid
to thought, but it is possible to allow one’s thoughts to be moulded
too rigidly by them. The diagram takes for granted that all
electrical properties are available in separate lumps, like chemicals
in bottles, and that one can make up a circuit like a prescription.
Instead of which they are more like the smells from the said chemicals
when the stoppers have been left open—each one strongest near
its own bottle, but pervading the surrounding space and mixing
inextricably with the others. This is particularly true at very high
frequencies, so that the diagram must not always be taken as showing
the whole of the picture. Experience tells how far a circuit diagram
can be trusted.

13



CHAPTER 1

A General View

WHAT WIRELESS DOES

PEOPLE WHO REMARK on the wonders of wireless seldom seem (o
consider the fact that all normal persons can broadcast speech and
song merely by using their voices. We can instantly communicate
our thoughts to others, without wires or any other visible lines of
communication and without even any sending or receiving apparatus
outside of ourselves. If anything is wonderful, that is. Wireless
is merely a device for increasing the range.

There is a fable about a dispute among the birds as to which
could fly the highest. The claims of the wren were derided until,
when the great competition took place and the eagle was proudly
outflying the rest, the wren took off from his back and established
a new altitude record.

It has been known for centuries that communication over vast
distances of space is possible—it happens every time we look at the
stars and detect light coming from them. If there were intelligent
beings on the moon they could send messages to us by means of
searchlights. We know, then, that a long-range medium of com-
munication exists. Wireless simply uses this medium for the
carrying of sound and vision.

Simply?

Well, there actually is quite a lot to learn about it. Before
getting to grips with the several kinds of subject matter that must
be included in even an elementary book it will be helpful to take a
general look at the whole to sece why each is necessary and where
it fits in.

THE NATURE OF SOUND WAVES

Wireless, as we have just observed, is essentially a means of
extending natural communication beyond its limits of range. It
plays the part of the swift eagle in carrying the wren of human
speech to unaccustomed distances. So first of all let us see what
is required for “ natural ”” communication.

There are three essential parts: the speaker, who generates sound;
the hearer who receives it; and the medium, which connects one
with the other.

The last of these is the key to the other two. By suspending a
source of sound in a container and extracting the air (Fig. 1.1) one
can demonstrate that sound cannot travel without air (or some other
physical substance) all the way between sender and receiver.

Anyone who has watched a cricket match will recall that the
- smack of bat against ball is heard a moment after they arc seen to

14
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I'ig. 1.1—Experiment to demon-

sirate that sound waves cannot cross

empty space. As the air is removed

fromn the glass vessel, the sound of
the belt fades away

meet; the sound of the impact has taken an appreciable time to
travel from the pitch to the viewpoint. If the pitch were 1,100 feet
away, the time delay would be one second. The same speed of
travel is found to hold good over longer or shorter distances.
Knowing the damage that air does when it travels at even cne-tenth
of that speed (hurricane force) we conclude that sound does not
consist in the air itself leaping out in all directions.

When a stone is thrown into a pond it produces ripples, but the
ripples do not consist of the water which was directly struck by the
stone travelling outwards until it reaches the banks. If the ripples
pass a cork floating on the surface they make it bob up and down;
they do not carry it along with them.

What does travel, visibly across the surface of the pond, and
invisibly through the air, is a wave, or more often a succession of
waves. While ripples or waves on the surface of water do have much
in common with waves in general, they are not of quitc the same
type as sound waves through air or any other medium (including
water). So let us forget about the ripples now they have served
their purpose, and consider a number of boys standing in a queue.
If the boy at the rear is given a sharp push he will bump into the
boy in front of him, and he into the next boy; and so the push
may be passcd on right to the front. The push has travelled along
the line although the boys—representing the medium of contmunica-
tion—have all been standing still except for a small temporary
displacement.

In a similar manner the cricket ball gives the bat a sudden push;
the bat pushes the air next to it; that air gives the air around it a
push; and so a wave of compression travels outwards in all cirections
like an expanding bubble. Yet all that any particular bit of air
does is to move a small fraction of an inch away from the cause of
the disturbance and back again. As the original impulse is spread
over an ever-expanding wave-front the extent of this tiny air
movement becomes less and less and the sound fainter and fainter.

15
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CHARACTERISTICS OF SOUND WAVES

The generation of sound is only incidental to the functioning of
cricket bats, but the human vocal organs make up a generator
capable of emitting a great variety of sounds at will. 'What surprises
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Fig. 1.2—Graphical representation of the four basic ways in which sound (or any other)
waves can differ. (o) amplitude; (b) frequency; (c) waveformn; and (d) envelope

most people, when the nature of sound waves is explained to them,
is how such a variety of sound can be communicated by anything so
simple as to-and-fro tremors in the air. Is it really possible that
the subtle inflexions of the voice by which an individual can be
identified, and all the endless variety of music, can be represented
by nothing more than that?

Examining the matter more closely we find that this infinite
variety of sounds is due to four basic characteristics, which can
all be illustrated on a piano. They are:

16
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(a) AMPLITUDE. A single key can be struck either gently or
hard, giving a soft or loud sound. The harder it is struck, the
more violently the piano string vibrates and the greater the tremor
in the air, or, to use technical terms, the greater the amplitude of
the sound wave. Difference in amplitude is shown graphically in
Fig. 1.2a. (Note that to-and-fro displacement of the air is repre-
sented here by up-and-down displacement of the curve, because
horizontal displacement is usually used for time.)

(b) FReQUENCY. Now strike a key ngzarer the right-hand end of
the piano. The resulting sound is distinguishable from the previous
one by its higher pitch. The piano string is tighter and lighter,
so vibrates more rapidly and generates a greater number cf sound
waves per second. In other words, the waves have a higher
Jfrequency, which is represented in Fig. 1.25.

(c) WaverorM. If naw several keys are struck simultaneously
to give a chord, they blend into one sound which is richer than any
of the single notes. The first threc waves in Fig. 1.2¢ rspresent
three such notes singly; when the displacements due to these
separate notes are added together they give the more complicated
waveform shown on the last line. Actually any one piano note
itself has a complex waveform, which cnables it to be distinguished
from notes of the same pitch played by other instruments.

(d) EnveLore. A fourth difference* in sound character can be
illustrated by first “ pecking” at a key, getting brief (staccato)
notes, and then pressing it firmly down and keeping it there, pro-
ducing a sustained (legato) note. This can be shown as in Fig. 1.24.
The dotted lines, called envelopes, drawn around the wave peaks,
have different shapes. Another example of this type of difference
is the contrast between the flicker of conversational sound and the
steadiness of a long organ note.

Every voice or musical instrument, and in fact everything that
can be heard, is something that moves; its movements cause the
air to vibrate and radiate waves; and all the possible differences in
the sounds are due to combinations of the four basic differences.

The details of human and other sound generators are outside
the scope of this book, but the sound waves themselves are the
things that have to be carried by long-range communication systems
such as wireless. Even if something other than sound is to be
carried (pictures, for irstance) the study of sound waves is not
wasted, because the basic characteristics illustrated in Fig. 1.2 apply
to all waves—including wireless waves.

The first (amplitude) is simple and easy to understand. The
third and fourth (waveform and envelope) lead us into complications
that are too involved for this preliminary survey, and will have to
be gone into later. The second (frequency) is very important
indeed and not too involved to take at this stage.

* Mathematically it is covered by Waveform, so may not always be listed
separately.
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FreEQUENCY

Let us consider the matter as exemplified by the vibrating string
or wire shown in Fig. [.3. The upper and lower limits of its vibra-
tion are indicated (rather exaggeratedly, perhaps) by the dotted lines.
If a point on the string, such as A, were arranged to record its
movements on a strip of paper imoving rapidly from left to right,
it would trace out a wavy line which would be its displacement/
time graph, like those in Fig. 1.2. Each complete up-and-down-
and-back-again movement is called a cyele. In Fig. 1.4, where
several cycles are shown, one has been picked out in heavy line.
The time it takes, marked T, is known as its period.

We have already noted that the rate at which the vibrations take
place is called the frequency, and determines the pitch of the sound
produced. It is generally reckoned in cycles per second (abbreviated

‘IIIII/IIIIIIIIIIIIIIIIIIIIIIII/IIIII/IIII/IIIIIIIIIIIIIIIIIIIIIIIIIIIIII s

Fig. 1.3—A simple sound gencrator, consisting of a
string held taut by a weight. When plucked it vibrates
as indicated by the dotted lines

¢/s) and its symbol is /. Middle C in music has a frequency of
261 cfs. The full range* of a piano is 27 to 3,516 ¢/s. The fre-
quencies of audible sounds—about 20 to 20,000 c/s for people with
normal hearing—are distinguished as audio frequencies.

You may have noticed in passing that 7 and f are closcly related.
If the period of each cycle is one-hundredth of a second, then the
frequency is obviously one hundred cycles per second. Putting
it in general terms, /= 1/T. So if the time scale of a waveform
graph is given, it is quite easy to work out the frequency. In
Fig. 1.4 the time scale shows that 7" is 0-0005 sec, so the frequency
must be 2,000 c/s.

WAVELENGTH

Next, consider the air waves set up by the vibrating string.
Fig. 1.5 shows an end view, with point A vibrating up and down.
It pushes the air alternately up and down, and these displacements
travel outwards from A. Places where the air has been temporarily
moved a little farther from A than usual are indicated by full lines,
and places where it is nearer by dotted lines; these lines should be
imagined as expanding outwards at a speed of about 1,100 feet per

* In wireless the word “ range ™ means distance that can be covered, so to avoid
confusion a range of frequencies is more often referred to as a band.
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second. So if, for example, the string is vibrating at a frequency
of 20 ¢/s, at one second from the start the first air wave will be
1,100 feet away, and there will be 20 complete waves spread over that
distance (Fig. 1.6). The length of each wave is therefore one-
twentieth of 1,100 feet, which is 55 feet.

Fig. 1.4—-The extent of one cycle in VQ\T = /\ /\
a series of waves is shown in heavy
line. The time occupied by its [© \/0'5 \/‘ \/"5 \/2
generation, or by its passing a given
point, is marked T TIME. IN THOUSANCTHS
OF A SECOND

Now it is a fact that sound waves of practically all frequencies
and amplitudes travel through the air at the same speed, so the
higher the frequency the shorter the wavelength. This relationship
can be expressed by the equation

A=V

S
where the Greek letter A (pronounced * lambda ) stands for wave-
length, v for the velocity of the waves, and f for the frequency. If v
is given in feet per second and fin cycles per second, then A will be
in feet. 'The letter v has been put here instead of 1,100, because the
exact velocity of sound waves in air depends on its temperature;
moreover the equation applies to waves in water, wood, rock, or
any other substance, if the v appropriate to the substance is filled in.

It should be noted that it is the frequency of the wave which
affects the pitch, and that the wavelength is a secondary matter de-
pending on the speed of the wave. That this is so can be shown

—————

Fig. 1.5—End view of the vibrating string
at A in Fig. 1.3. As it moves up and down /\
over the distance AA it sends out air waves

which carry some of its energy of vibration - N
to the listener’s ear A~
1A
[}
]
IA

by sending a sound of the same frequency through water, in which
the velocity is 4,700 feet per second; the wavelength is therefore
more than four times as great as in air, but the pitch, as judged by
the ear, remaias the same as that of the shorter air wave.

THE SENDER
The device shown in Fig. 1.3 is a very simple sound transmitter
or sender. [Its function is to generate sound waves by vibrating
and stirring up the surrounding air. In some instruments, such
19
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as violins, the stirring-up part of the business is made more effectual
by attaching the vibrating parts to surfaces which increase the
amount of air disturbed.

The pitch of the note can be controlled in two ways. One is to
vary the weight of the string, which is conveniently done by varying
the length that is free to vibrate, as a violinist does with his fingers.
The other is to vary its tightness, as a violinist does when tuning,
or can be done in Fig. 1.3 by altering the weight W. To lower the

Fig. 1.6—Twenty successive waves from the string
shown in Figs. 1.3 and 1.5

pitch, the string is made heavier or slacker. As this is not a-book
on sound there is no need to go into this further, but there will be a
lot to say (especially in Chapter 8) on the electrical equivalents of
these two things, which control the frequency of wireless waves.

THE RECEIVER

What happens at the receiving end? Reviving onr memory of
the stone in the pond, we recall that the ripples made corks and
other small flotsam bob up and down. Similarly, air waves when
they strike an object try to make it vibrate with the same character-
istics as their own. That is how we can hear sounds through a
door or partition; the door is made to vibrate, and its vibrations
set up a new lot of air waves on our side of it. Wkhen they reach
our ears they strike the ear-drums; these vibrate and stimulate a
very remarkable piece of receiving mechanismy, which sorts out the
sounds and conveys its findings via a multiple nerve to the brain.

ELecTricAL COMMUNICATION BY WIRE

To extend the very limited range of sound-wave communication
it was necessary to find a carrier. Nothing served this purpose
very well until the discovery of electricity. At first electricity
could only be controlled rather crudely, by switching the current
on and off; so spoken messages had to be translated into a code of
signals before thev could be sent, and then translated back into
words at the receiving end. A simple electric telegraph consisted
of a battery and a switch or * key > at the sending end, some device
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for detecting the current at the receiving end, and a wire between to
carry the current.

Most of the current detectors made use of the discovery that
when some of the electric wire was coiled round a piece of iron the
iron became a magnet so long as the current flowed, and would
attract other pieces of iron placed near it. If the neighbouring
iron was in the form of a flexible diaphragm held close to the ear, its
movements towards and away from the iron-cored coil when
current was switched on and off caused audible clicks even when the
current was very weak.

To transmit speech and music, however, it was necessary to make
the diaphragm vibrate in the same complicated way as the sound
waves at the sending end. Since the amount of attraction varied
with the strength of current, this could be done if the current could
be made to vary in the same way as the distant sound waves. 1n the
end this problem was solved by quite a simple device—the carbon
microphone, which, with only details improved, is still the type
used in modern telephones.

In its simplest form, then, a telephone consists of the equipment
shown in Fig. 1.7. Although this invention extended the range of
speech from yards to miles, every mile of line weakened the electric
currents and set a limit to clear communication. So it was not

VIBRATING AIR
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DIAPHRAGM._ WAVE
\WAVES _ WAVY ELECTRIC CURRENTS _—, ~ \5
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Fig. 1.7—A very simple form of one-way electric {ciephone, showing how the character-

istics of the original air waves are duplicated in clectric currents, which travel farther

and quicker, and which are then transformed back into air waves to make them
perceptible by the listener

until the invention of the electronic valve, making it possible to
amplify the complicated current variations, that telephoning could
be done over hundreds and even thousands of miles.

ELECTRIC WAVES

Wire or line telephones and telegraphs were and still are a
tremendous aid to communication. But something else was
needed for speaking to ships and aeroplanes. And even where the
intervening wire is practicable it is sometimes very inconvenient.

At this stage we can profitably think again of the process of
unaided voice communication. When you talk to another person
you do not have to transfer the vibrations of your vocal organs
directly to the ear-drum of your hearer by means of a rod or other
*“line ”. What you do is to stir up waves in the air, and these
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spread out in all directions, shaking anything they strike, including
ear-drums,

“Is it possible ”’, experimenters might have asked, * to stir up
electric waves by any means, and if so would they travel over greater
distances than sound waves?” Gradually scientists supplied the
answer. Clerk Maxwell showed mathematically that electric waves
were theoretically possible, and indeed that in all probability light,
which could easily be detected after travelling vast distances, was
an example of such waves. But they were waves of unimaginably
high frequency, about 5 X 10" ¢/s. A few years later Hertz
actually produced and detected electric waves of much lower (but
still very high) frequency, and found that they shared with sound the
useful ability to pass through things that are opaque to light.

Unlike sound, however, they are not carried by the air. They
travel equally well (if anything, better) where there is no air or any
other material substance present. If the experiment of Fig. 1.1
is repeated with a source of electric waves instead of sound waves,
extracting the air makes no appreciable difference. We know, of
course, that light and heat waves travel to us from the sun across
93,000,000 miles of empty space. What does carry them is a
debatable question. It was named ether (or aether, to avoid
confusion with the anaesthetic liquid ether), but experiments which
ought to have given results if there had been any such thing just
didn’t. So scientists deny its existence. But it is very hard for
lesser minds to visualize how electric waves, whose behaviour
corresponds in so many respects with waves through a material
medium, can be propagated by nothingness.

There is no doubt about their speed, however. Light waves
travel through space at about 186,282 miles, or nearly 300,000,000
metres, per second. Other sorts of electric waves, such as X-rays,
ultra-violet and wireless waves, travel at the same speed, and differ
only in frequency. Their length is generally measured in metres;
so filling in the appropriate value of v in the formula on p. 19 we
have

300,000,000
= 300

If, for example, the frequency is 1,000,000 c/s, the wavelength is
300 metres.

A

WHY HiGH FREQUENCIES ARE NECESSARY

Gradually it was discovered that electric waves are capable of
travelling almost any distance, even round the curvature of the
earth to the antipodes.

Their enormous speed was another qualification tor the duty of
carrying messages; the longest journey in the world takes less than
a tenth of a second. But attempts to stir up clectric waves of the
same frequencies as sound waves were not very successful. To see
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why this is so we may find it helpful to consider again how sound
waves are stirred up.

If you try to radiate air waves by waving your hand vou wiii
fail, because the highest frequency you can manage is only a few
¢/s, and at that slow rate the air has time to rush round from side to
side of your hand instead of piling up and giving the surrounding
air a push. If you could wave your hand at the speed of an insect’s
(or even a2 humming bird’s) wing, then the air would have insufficient
time to equalize the pressure and would be alternately compressed
and rarefied on each side of your hand and so would generate sound
waves. Alternatively, if your hand were as big as the side of a
house, it could stir up air waves even if waved only a few times per
second, because the air would have too far to go from one side to
the other every time. The frequency of these air waves would be
too low to be heard, it is true; but they could be detected by the
rattling of windows and doors all over the neighbourhood.

The same principle applies to electric waves. But because of
the vastly greater speed with which they can rush round, it is
necessary for the aerial—which corresponds to the waving hand—
to be correspondingly vaster. To radiate electric waves at the lower
audible frequencies the aerial would have to be miles high, so one
might just as well (and more conveniently) use it on the ground
level as a telephone line.

Even if there had not been this difficulty, another would have
arisen directly large numbers of senders had started to radiate
waves in the audible frequency band. There would have been no
way of picking out the one wanted; it would have been like a babel
of giants.

That might have looked like the end of any prospects of wireless
telephony, but fortunately human ingenuity was not to be beaten.
The solution arose by way of the simpler problem of wireless
telegraphy, so let us follow that way.

WIRELESS TELEGRAPHY

Hertz discovered how to stir up electric waves; we will not
bother about exactly how, because his method is obsolete. Their
frequency was what we would now call ultra-high; in the region of
hundreds of millions of ¢/s, so their length was only a few centi-
metres. Such frequencies are used nowadays for radar. He also
found a method of detecting them over distances of a few yards.
With the more powerful senders and more sensitive receivers
developed later, ranges rapidly increased, until in 1901 Marconi
actually signalled across the Atlantic. The various sorts of detectors
that were invented from time to time worked by causing an electric
current to flow in a local receiving circuit when electric waves
impinged on the receiving aerial. Human senses are unable to
respond to these * wireless ** waves directly—their frequency is far
too high for the ear and far too low for the eye—but the electric
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FOUNDATIONS OF WIRELESS

currents resulting from their detection can be used to produce
audible or visible effects.

At this stage we have the wireless counterpart of the simple
telegraph. lts diagram, Fig. 1.8, more or less explairs itself. The
sending key turns on the sender, which generates a rapid succession
of electric waves, radiated by an aerial. When these reach the
receiver they operate the detector and cause an electric current to

AERIAL AERIAL

(STIRRER-UP (PICKER-UP
OF R.F WAVES) OF R.F.WAVES)
SENDER
RECEIVER

GENERATOR OF

KEY ;

. NCY
u,—]__gwxo FREQUENC DETECTOR
I —_—40

WAVES

= EARTH EARTH = “
) ON=-AND OFF
ELECTRIC CURRENTS

Fig. 1.8 —Elementary wireless telegraph. Currents flow in the receiving headphones
and cause sound whenever the sender is radiating waves

flow, which can make a noise in a telephone earpiece. By working
the sending key according to the Morse code, messages can be
transmitted. That is roughly the basis of wireless telegraphs to
this day, though some installations have been elaborated almost out
of recognition, and print the messages on paper as fast as the most
expert typist.

TuNING

One important point to note is that the current coming from the
detector does not depend on the frequency of the waves, within
wide limits. (The frequency of the current is actually the frequency
with which the waves are turned on and off at the sender.) So
there is a wide choice of wuve frequency.  In Chapter 15 we shall
consider how the choice is made; but in the meantime it will be
sufficient to remember that if the frequency is low, approaching
audibility, the aerials have to be immense; while if the frequency is
much higher than those used by Hertz it is difticult to generate them
powerfully, and they are easily obstructed, like light waves. The
useful limits of these radio frequencies arc about 15,000 to
50,000,000,000 c/s.

The importance of having many frequencies to choose from was
soon apparent, when it was found to be possible—and highly
advantageous—to make the receiver respond to the frequency of
the sender and reject all others. This invention of tuning was
essential to effective wireless communication, and is the subject of
a large part of this book. So it may be enough just now to point
out that it has its analogy in sound. We can adjust the frequency
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A GENERAL VIEW

of a sound wave by means of the length and tightness of the sender.
A piano contains nearly a hundred strings of various fixed lengths
and tightnesses, which we can select by means of the keys. If there
is a second piano in the room, with its sustairing pedal held down
so that all the strings are free to vibrate, and we strike a foud note
on the first piano, the string tuned to the same note in the second
can be heard to vibrate. If we had a single adjustable string, we
could tune it to respond in this way to any one note of the piano
and ignore those of substantially different frequency. In a corre-
sponding manner the electrical equivalents of l2ngth (or weight) and
tightness are adjusted by the tuning controls of a wireless receiver
to select the desired sending station.

WIRELESS TELEPHONY

The second important point is that (as one would expect) the
strength of the current from the detector increases with the strength
of the wireless waves transmitted. So, with Fig. 1.7 in mind, we
need no further hint to help us to convert the wireless telegraph of
Fig. 1.8 into a wireless telephone or a broadcasting system, by
substituting for the Morse key a device for varying the sirength of
the waves, just as the microphone varied the strength of the line
current in Fig. 1.7.  Such devices are called modulators, and will be
referred to in more detail in Chapter 13. The microphone is still
needed, because the output of the wireless sender is not controlled
directly by the impinging sound waves but by the wavily-varying
currents from the microphone.

A practical system needs amplifiers in various places, firstly to
amplify the feeble sound-controlled currents from the microphone
until they are strong enough to modulate a powerful wave sender;
then to amplify the feeble radio-frequency currents stirred up in a
distant receiving aerial by the far flung waves; then another to
amplify the audio-frequency currents from the detector so that they
are strong enough to work a loudspeaker instead of the less con-
venient headphones. This somewhat elaborated system is indicated
—but still only in broadest outline—Dby the block diagram, Fig. 1.9.

RECAPITULATION

At this stage it may be as well to review the results of our survey.
We realize that in all systems of communication the signals must,
in the end, be detectable by the human senses. Of these, hearing
and sceing are the only ones that matter. Both are wave-operated.
Our cars respond to air waves between frequency limits of about
20 and 20,000 c/s; our eyes respond to waves within a narrow band
of frequency centred cn 5 X 104 ¢/s—waves not carried by air but
by space, and which have been proved to be electrical in nature.

Although our ears are remarkably sensitive, air-wave (i.e., sound)
communication is very restricted in range. Eyes, it is true, can see
over vast distances, but communication is cut off by the slightest
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Fig. 1.9—The wireless telegraph of Fig. 1.8 converted into a wireless telephone by
controlling the output of the sender by sound waves instead of just turning it on and off,
In practice it is also generally necessary to use amplifiers where shown

wisp of cloud. If, however, we can devise means for “ translating
audible or visible waves into and out of other kinds of waves, we
have a far wider choice, and can select those that travel best.
It has been found that these are clectric waves of lower frequencies
than the visible ones, but higher than audible frequencies. The
lowest of the radio frequencies require exccssively large aerials to
radiate them, and the highest are impeded by the air. All travel
through space at the same speed of nearly 300,000,000 metres per
second, so the wavelength in metres can bc calculated by dividing
that figure by the frequency in c/s.

The frequency of the sender is arranged by a suitable choice and
adjustiment of the electrical equivalents of weight and tightness (or,
more strictly, slackness) in the tuning of sound generators. In the
same way the receiver can be made to respond to one frequency and
reject others. There are so many applicants for frequencies—
broadcasting authorities, telegraph and telephone authorities,
naval, army, and air forces, police, the merchant navies, airlines,
and others—that even with such a wide band to choose from it is
difficult to find enough for all, especially as only a small part of the
whole band is generally suitable for any particuiar kind of service.

The change-over from the original sound waves to electric waves
of higher frequency is done in two stages: first by a microphone
into electric currents having the same frequencies as the sound
26



A GENERAL VIEW

waves; these currents are then used in a modulator to control the
radio-frequency waves in such a way that the original sound
characteristics can be extracted at the receiver. Here the change-
back is done in the same two stages reversed: first by a detector,
which yields electric currents having the original sound frequencies;
then by ear-phones or loud speakers which use these currents to
generate sound waves.

Since the whole thing is an application of electricity, our detailed
study must obviously begin with the general principles of electricity.
And it will soon be necessary to pay special attention to electricity
varying in a wavelike manner at both audio and radio frequencies.
This will involve the electrical characteristics that form the basis
of tuning. To generate the radio-frequency currents in the sender,
as well as to amplify and perform many other services, use is made
of various types of electronic valves, so it is necessary to study them
in some detail. The process of causing the r.f. currents to stir up
waves, and the reverse process at the receiver, demands some
knowledge of aerials and radiation. Other essential matters that
need elucidation are modulation and detection. Armed with this
knowledge we can then see how they are applied in typical senders
and receivers. Lastly the special requirements of television and
radar will be briefly noted.
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CHAPTER 2

Elementary Electrical Notions

ELECTRONS

THE EXACT NATURE of electricity is a mystery that may never be fully
cleared up, but from what is known it is possible to form a sort of
working model or picture which helps us to understand how it
produces the results it does, and even to think out how to produce
new results. The reason why the very existence of electricity went
unnoticed until comparatively recent history was that there are two
opposite kinds which exist in equal quantities and (unless separated
in some way) cancel one another out. This behaviour reminded
the investigating scientists of the use of positive (-+) and negative (—)
signs in arithmetic: the introduction of either 4+ 1 or — 1 has a
definite effect, but + 1 — 1 equals just nothing. So, although at
that time hardly anything was known about the composition of the
two kinds of clectricity, they were called positive and negative.
Both positive and negative electricity produce very remarkable
effects when they are separate, but a combination of equal quantities
shows no signs of electrification.

Further research led to the startling conclusion that all matter
consists largely of electricity. All the thousands of different
kinds of matter, whether solid, liquid, or gaseous, consist of atoms
which contain only a very few different basic components. Of
these we need take note of only one kind—particles of negative
electricity, called electrons. For a simple study it is convenient to
imagine each atom as a sort of ultra-microscopic solar system in
which a number of electrons are distributed around a central
nucleus, somewhat as our earth and the other planets around the
sun (Fig. 2.1). The nucleus is generally a more or less composite
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ELEMENTARY ELECTRICAL NOTIONS

structure; it makes up nearly all the weight of the atom, and the
number and type of particles it contains determine which element it
is—oxygen, carbon, iron, etc. Recent research has shown how to
change some elements into others by breaking up the nucleus under
very intense laboratory treatment. For our present purpose,
however, the only things we need remember about the nucleus
are that it is far heavier than the electrons. and that it has a surplus
of positive electricity.

In the normal or unelectrified state of the atom this positive
surplus is exactly neutralized by the planetary electrons. But it is
a comparatively easy matter to dislodge one or more of these
electrons from each atom. One method is by rubbing; for example,
if a glass rod is rubbed vigorously with silk some of the electrons
belonging to the glass are transferred to the silk. Doing this
produces no change in the material itself—the glass is still glass
and the silk remains silk. As separate articles they show no obvious
evidence of the transfer. But if they are brought close together it is
found that they attract one another. And the glass rod can pick up
small scraps of paper. It is even possible, in a dry atmosphere, to
produce sparks. These curious phenomena gradually fade away,
and the materials become normal again.

ELEcTRIC CHARGES AND CURRENTS

The silk with its surplus of electrons is said to be negatively
charged. The glass has a corresponding deficiency of electrons, so
its positive nuclear electricity is incompletely neutralized, and the
result is called a positive charge. It is a pity that the people who
decided which to call positive did not know anything about electrons,
because if they had they would certainly have called eclectrons
positive and so spared us a great deal of confusion. As it is, how-
ever, one just has to remember that a surplus of electrons is called a
negative charge.

Any unequal distribution of electrons is a condition of stress.
Forcible treatment of some kind is necessary to create a surplus or
deficiency anywhere, and if the electrons get a chance they move
back to restore the balance; i.., from negatively to positively
charged bodies. This tendency shows itself as an attraction between
the bodies themselves, That is what is meant by saying that
opposite charges attract.

The space between opposite charges, across which this attraction
is exerted, is said to be subject to an electric field. The greater
the charges, the more intense is the field and the greater the attractive
force.

If a number of people are forcibly transferred from town A to
town B, the pressure of overcrowding and the intensity of desire to
leave B depend, not only on the number of displaced persons, but
also on the size of B and possibly on whether there is a town C close
by with plenty of accommodation. The electrical pressure also
depends on other things than the charge, reckoned in displaced
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electrons; so it is more convenient to refer to it by another term,
namely difference of potential, often abbreviated to p.d. We shall
consider the exact relationship between charge and p.d. in the
next chapter. The thing to remember now is that wherever there
is a difference of potential between two points there is a tendency
for electrons to move from the point of lower (or negative) potential
to that of higher (or positive) potential in order to equalize the
distribution.* ' If they are frce to move they will do so; and their
movement is what we call an electric current.

This is where we find it so unfortunate that the names * positive
and * negative ” were allocated before anybody knew about
electrons. For it amounted to a guess that the direction of current
flow was the opposite to that in which we now know electrons
flow. By the time the truth was known this bad guess had become
so firmly established that reversing it would have caused worse
confusion. Moreover, when the positively charged atoms (or
positive ions) resulting from the removal of electrons are free to do
so they also move, in the direction + to —, though much more
slowly owing to their greater mass. So this book follows the usual
custom of talking about current flowing from + to — or high to
low potential, but it must be remembered that most often this means
electrons moving from — to +.

CONDUCTORS AND INSULATORS

Electrons are not always free to move. Except in special circum-
stances (such as high temperature, which we shall consider in
connection with valves) atoms do not allow their electrons to fly off
completely on their own, even when they are surplus. The atoms
of some substances go so far as to allow frequent exchanges, how-
ever, like dancers in a Paul Jones, and in fact such exchanges go on
all the time, even in the normal unelectrified state. The directions
in which the electrons flit from one atom to another are then
completely random, because there is nothing to influence them one
way or another.

But suppose the whole piece of substance is pervaded by an electric
field. The electrons feel an attraction towards the positive end; so
between partnerships they tend to drift that way. The drift is what
is known as an electric current, and substances that allow this sort
of thing to go on are called conductors of electricity. All the metals
are more or less good conductors; hence the extensive use of metal
wire. Carbon and some liquids are fairly good conductors.

Note that although electrons start to go in at the negative end
and electrons start to arrive at the positive end the moment the p.d.
is set up, this does not mean that these are the same electrons,
which have instantaneously travelled the whole length of the

* Note that + 1is positive with respect to — 1 or even 10 0, but it is negative with
respect to + 2; — 1 or 0 are both positive with respect to — 2. Tkere is nothing
inconsistent in talking about two oppositely charged bodies one minute, and in the
next referring to them both as positive (relative to something else).
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conductor. An electron drift starts almost instantaneously through-
out miles of wire, but the speed at which they drift is seldom much
more than an inch a minute.

Other substances keep their electrons, as it were, on an elastic
leash which allows them a little freedom of movement, but never
“out of sight” of the atom. If such a substance occupies the
space between two places of different potential, the electrons strain
at the leash in response to the positive attraction, but a continuous
steady drift is impossible. Materials of this kind, called insularors,
can be used to prevent charges from leaking away, or to form
boundaries restricting currents to the desired routes. Dry air,
glass, ebonite, rubber, and silk are among the best insulating
materials. None is absolutely perfect, however; electrified glass
rods, for example, gradually lose their charges.

We shall see later that there is a third class of substances, of such
importance that Chapter 10 is devoted to them.

ELECTROMOTIVE FORCE

If electrons invariably moved from — to —, as described, they
would in time neutralize all the positive charges in the world, and
that, for all practical purposes, would be the end of electricity. But
fortunately there are certain appliances, such as batteries and
dynamos (or generators) which can force electrons to go from
+ to —, contrary to their natural inclination. In this way they can
continuously replenish a surplus of electrons. Suppose A and B
in Fig. 2.2 are two insulated metal terminals, and a number of
electrons have been transferred from A to B, so that A is at a higher

Fig. 2.2—A very simple electrical

circuit, round which the electromotive

force of a battery makes a current of
electrons flow continuously

CONVENTIGNAL %
QReCTION OF CURRES

N
OirecTION oF ELECT®

potential than B. If now they are joined by a wire, electrons
will drift along it, and, if that were all, the surplus would soon be
used up, and the potential difference would disappear. But A and
B happen to be the terminals of a battery, and as soon as electrons
leave B the battery provides more, while at the same time it with-
draws electrons arriving at A. So while electrons are moving from
B to A through the wire, the battery keeps them moving from A to B
through itself. The battery is, of course, a conductor; but if it
were only that it would be an additional path for electrons to go from
B to A and dissipate the charge all the quicker. It is remarkable,
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then, for being able to make electrons move against a p.d. This
ability is called electromotive force (usually abbreviated to e.m.f.).

Fig. 2.2 shows what is called a closed circuit, there being a con-
tinuous endless path for the current. This is invariably necessary
for a continuous current, because if the circuit were opened any-
where, say by disconnecting the wire from one of the terminals,
continuation of the current would cause electrons to pile up at the
break, and the potential would increase without limit; which is
impossible.

ELEcTRICAL UNITS

The amount or strength of an electric current might reasonably
be reckoned as the number of electrons passing any point in the
circuit each second, but the electron is so extremely small that such
a unit would lead to inconveniently large numbers. For practical
purposes it has been agreed to base the unit on the metric system.
It is called the ampere (or more colloquially the amp), and happens
to be about 6,240,000,000,000,000,000 (or 6-24 x 108) electrons
per second.

As one would expect, the number of amps caused to flow in a given
circuit depends on the strength of the electromotive force operating
init. The practical unit of e.m.f. is the volt.

Obviously the strength of current depends also on the circuit—
whether it is made up of good or bad conductors. This fact is
expressed by saying that circuits differ in their electrical resistance.
The resistance of a circuit or of any part of it can be reckoned in
terms of the e.m.f. required to drive a given current through it.
For convenience the unit of resistance is made numerically equal to
the number of volts required to cause one amp to flow, and to
avoid the cumbersome expression ““ volts per amp > this unit of
resistance has been named the ohm.

By international agreement the following letter symbols have been
allocated to denote these electrical quantities and their units, and
will be used from now on:

. Symbol for Unit of Symbol for
Quantity Quantity } Quantity Unit
E.M.F. E Volt v
Current { Ampere A
Resistance R Ohm Q

() is a Greek capital letter, * Omega™.)

These three important quantities are not all independent, for
we have just defined resistance in terms of e.m.f. and current.
Expressing it in symbols:

E
K s
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OHM’S Law

The question immediately arises: does R depend only on the
conductor, or does it depead also on the current or voltage? This
was one of the first and most important investigations inzo electric
currents. We can investigate it for ourselves if we have an instru-
ment for measuring current, called an ammeter, a battery of identical
cells, and a length of wire or other resistive conductor. A closed
circuit is formed of the wire, the ammeter, and a varying number of
the cells; and the ammeter reading corresponding to each number
of cells is noted. The results can then be plotted in the form of a
graph (Fig. 2.3). If the voltage of a cell is known, the current can
be plotted against voltage instead of merely against number of cells.
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When all the points are jeined up by a line it will probably be
found that the line is straight and inclined at an angle and passes
through the origin (0). If a different resistance is tried, its line
will slope at a different angle. Fig. 2.3 shows two possible samples
resulting from such an experiment. In this case each cell gave
2 volts, so points were plotted at 2, 4, 6, 8, etc,, volts. The points
at —2, —4, etc., volts were obtained by reversing the battery.
A current of —2 amps means a current of the same strength as
-2 amps, but in the opposite direction.

Looking at the steep line, we see that an e.m.f. of 2 V caused a
current of 2 A, 4 V caused 4 A, and so on. The result of dividing
the number of volts by the number of amps is always 1. And this,
according to our definition, is the resistance in ohms. So there is
no need to specify the current at which the resistance must be
measured, or to make a graph; it is only necessary to measure the
voltage required to cause any one known current (or the current
caused by any one voltage). The amount (or, as one says in
technical language, the value) of resistance so obtained can be used
to find the current at any other voltage. For this purpose it is more
convenient to write the relationship R = E/I in the form
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E
I=R or F=IR

Thus if any two of these quantities are known, the third can be found.

Conductors whose resistance does not vary with the amount of
current flowing through them are described as linear, because the
line representing them on a graph of the Fig. 2.3 type (called their
current|voltage characteristic) is straight. ~Although the relationship
I = E|R is true for any resistance, its greatest usefulness lies in the
fact, discovered by Dr. Ohm, that ordinary conductors are linear.*
With this assumption it is known as Ohm’s law.

As an example of the use of Ohm’s law, we might find, in investi-
gating the value of an unknown resistance, that when it was con-
nected to the terminals of a 100 V battery a current of 0-01 A was
driven through it. Using Ohm’s law in the form R = E/I, we
get for the value of the resistance 100/0-01 = 10,000 Q. Alterna-
tively, we might know the value of the resistance and find that an
old battery, nominally of 120 V, could only drive a current of
0-007 A through it. We could deduce, since £ =/ X R, that the
voltage of the battery had fallen to 10,000 x 0-007 = 70 V. Note
that in driving current through a resistance an e.m.f. causes a p.d.
of the same voltage between the ends of the resistance. This point
is elaborated on page 42,

LARGER AND SMALLER UNITS

It is unusual to describe a current as 0-007 ampere, as was done
Just now; one speaks of * 7 milliamperes ”, or, more familiarly,
7 milliamps ”. A milliampere is one-thousandth part of an
ampere. Several other prefixes are used; the most frequent are:

Prefix Meaning Symbol
milli- one thousandth of m
micro- one millionth of u
micromicro- | one billionth of (e Or p

or pico- (million millionth)
kilo- one thousand k
mega- one million M

(i is the Greek letter “mu’’.)

These prefixes can be put in front of any unit; one speaks
commonly of milliamps, microamps, megohms, and so on. * Half
a megohm ” is easier to say than ““ Five hundred thousand ohms >,
just as ““4 MQ ” is quicker to write than * 500,000 €2 .

It must be remembered, however, that Ohm’s law in the forms
given above refers to volts, ohms, and amps. If a current of 5 mA
is flowing through 15,000 €2, the voltage across that resistance will

* We shall come across some exceptions, such as valves and rectifiers, from
Chapter 9 onwards.
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not be 75,000 V. But seeing that most of the currents we shall be
concerned with are of the milliamp order, it is worth noting that
there is no need to convert them to amps if R is expressed in
thousands of ohms (k{}). So in the example just given one can get
1the correct answer, 75 V, by multiplying 5 by 15.

CirculT DIAGRAMS

At this stage it would be as well 10 start getting used to circuit
diagrams. In a book liks this, conzerned with general principles
rather than with constructional details, what matters about (say) a
battery is not its shape nor the design of its label, but its voltage and

@ (b) (1
0-10
MW=

« ) f)
Fig. 2.4—A first instalmment of circuit-diagram —_Circui
symbols, representing (a) a cell, (b) a battery g,ifgfafn f}"ﬁ‘;‘.’e‘
of three cells, (c) a battery of many cells, apparatus used
(d) a resistor, (¢) a switch, and (f) a milli- for  obtaining

ammeter Fig. 2.3

how it is connected in the circuit. So it is a waste of time drawing
a picture as in Fig. 2.2. All one needs is the symbol shown as
Fig. 2.4a, which represents one cell. An accumulator cell gives
2V, and a dry cell about 1-4 V. The longer stroke represents
the 4 terminal. To get higher voltages, several cells are connected
one after the other, as in Fig. 2.4b, and if so many are needed that it
is tiresome to draw them all one can represent all but the end ones
by a dotted line, as in Fig. 2.4¢, which also shows how to indicate the
voltage between two points. Other symbols in Fig. 2.4 are (d) a
circuit element called a resistor, because resistance is its significant
feature, (¢) a switch shown * open > or ““ off , and (f) a measuring
instrument, the type of which can te shown by “ mA > for milli-
ammeter, “ V > for voltmeter, etc., and the range of measurement
marked as here. A simple line represents an electrical connection

of negligible resistance, often called a lead (thyming with * feed ).
The circuit diagram for the Ohm's law experiment can therefore
be shown as in Fig. 2.5. The arrow denotes a movable connection,

used here for including anything from one to eight cells in circuit.
Fig. 2.5 is a simple cxample of a series circuit. Two elements
are said to be connected in series when, in tracing out the path of the
current, we encounter them one after the other. With steadily
flowing currents the electrons do not start piling up locally, so it is
clear that the same current flows through both clements. In Fig. 2.5,
for instance, the current flowing through the ammeter is the same as

that through the resistor and the part of the battery ** in circuit ™.
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Two elements are said to be in parallel if they are connected so as
to form alternative paths for the current; for example, the resistors
in Fig. 2.84. Since a point cannot be at two different potentials at
once, it is obvious that the same potential difference exists across
both of them (i.c., between their ends or terminals). One element
in parallel with another is often described as shunting the other.

The same method of connection can sometimes be regarded as
either scries or parallel, according to circumstances. In Fig. 2.6,
R, and R, are in series as regards battery B,, and in parallel as
regards B,.

Looking at the circuit diagrams of wireless sets—especially for
television—one often sees quite complicated networks of resistors.
Fortunately Ohm’s law can be applied to every part of a com-

(b)
Fig. 2.6—R, is in
series with R, as Fig. 2.7—Resistances in series. The
regards B,, but jn circuit b is equivalent to the circuit a,
parallel with it as in the sense that both take the same
regards B, current from the battery, if R=R, + R,

plicated system of e.m.fs and resistances as well as to the whole.
Beginners often seem reluctant to make use of this fact, being
scared by the apparent difficulty of the problem. So it may be as
well to sce how it works out with more elaborate circuits.

RESISTANCES IN SERIES AND IN PARALLEL

Complex circuit networks can be tackled by successive stages of
finding a single element that is equivalent (as regards the quantity
to be found) to two or more. Consider first two resistances R,
and R,, in series with one another and with a source of e.n.f. £
(Fig. 2.7a). To bring this circuit as a whole within the scope of
calculation by Ohm’s law we need to find the single resistance R
(Fig. 2.7h) equivalent to R, and R, together.

We know that the current in the circuit is everywhere the same;
callit I. Then, by Ohm’s law, the voltage across R, is IR,, and that
across R, is IR,. The total voltage across both must therefore be
IR, + IR, or I (R, + R,), which must be equal to the voltage E.

In the equivalent circuit, E is equal to /R, and since, to make
the circuits truly equivalent, the currents must be the same in
both for the same battery voltage, we see that

R=R,+ R,
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Generalizing from this result, we conclude that: The total resistance
of several resistances in series is equal to the sum of their individual
resistances.

Turning to the parallel-connected resistances of Fig. 2.8a, we
see that they have the same voltage across them; in this case the
e.m.f. of the battery. Each of these resistances will take a current
depending on its own resistance and on the e.m.f.—the simplest
case of Ohm’s law. Calling the currents respectively /, and /,, we
therefore know that I, = E/R, and [, = E[R,. The total current
drawn is the sum of the two: itis

_E L E_ (1,1
=g+ = E(rF v

In the equivalent circuit of Fig. 2.8b the current is £/R, which
may also be written £ (1/R). Since, for equivalence between the
circuits, the current must be the same for the same battery voltage,
we see that

11,1
R=R, TR,

Generalizing from this result, we conclude that: If several re-
sistances are connected in parallel, the sum of the reciprocals of their

(b)

Fig. 2.8—Resistances in parallel. The
circuit b is equivalent to the circuit a

in the sense that both take the current
from the battery, if 1, R=1/R, +1/R,

individual resistances is equal to the reciprocal of their total resistance.
If the resistances of Fig. 2.8a were 100 @ and 200 €, the single
resistance R which, connected in their place, would draw the same
current is given by 1/R = 1/100 + 1/200 = 0-01 + 0-005 = 0-015.
Hence, R = 1,0-015 = 66:67 L. This could be checked by adding
together the individual currents through 100 € and 200 €, and
comparing the total with the current taken from the same voltage-
source by 66-67 Q. 1In both cases the result is 0-015 A per volt
of battery.
We can summarize the two rules in symbols:
1. Series Connection: R=R,+R,+R;+R,+ -
2. Parallel Connection: 1/R=1/R;+1/R,+1/R;+ -
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For only two resistances in parallel, a more convenient form of the
same rule can be obtained by multiplying above and below by RiR,:

1 R\R,

R=1/R, + 1R, = R, + R,

SERIES-PARALLEL COMBINATIONS

How the foregoing rules, derived directly from Ohm's law, can
be applied to the calculation of more complex circuits can perhaps

Fig. 2.9—The current through and
voltage across each resistor in this
complicated network can be calculated
by applying the two simple rules
derlved from Figs. 2.7 and 2.8

best be illustrated by a thorough working-out of one fairly elaborate
network, Fig. 2.9. We will find the total current flowing, the
equivalent resistance of the whole circuit, and the veoltage and
current of every resistor individually.

The policy is to look for any resistances that are in simple series or
parallel. The only two in this example are R, and R,. Writing
Ry to symbolize the combined resistance of R, and R, taken
together, we know that R, = R,R,/(R, + R,) = 200 X 500/700 =
142-8 Q. This gives us the simplified circuit of Fig. 2.10a. If R,
and R, werc one resistance, they and R; in parallel would make
another simple case, so we proceed to combine R,, and R, to make
Rygs: Rpgy = Ry + R, = 142-8 + 150 = 292-8 0. Now we have
the circuit of Fig. 2.10b. Combining Ry, and Ry, Ryays = 292-8 X
1000/1292-8 = 226-5Q. This brings us within sight of the end;
Fig. 2.10c shows us that the total resistance of the network now is
simply the sum of the two remaining resistances; that is, R of
Fig. 2.10d is Ryyq5 + R; = 226-5 + 100 = 326-5Q).

From the point of view of current drawn from the 40-V source
the whole system of Fig. 2.9 is equivalent to a single resistor of this
value. The current taken from the battery will therefore be
40/326-5 = 0-1225 A = 122-5 mA.

To find the current through each resistor individually now merely
means applying Ohm’s law to some of our previous results. Since
R, carries the whole current of 122-5 mA, the potential difference
across it will be 100 X 0-1225 = 12-25 V. R, also carrics the
whole current (2.10¢); the p.d. across it will again be the product
of resistance and current, in this casc 226-5 x 0-1225 = 27-75 V.
This same voltage also exists, as comparison of the various
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diagrams will show, across the whole complex system R R;R,R;
in Fig. 2.9. Across R there comes the whole of this voltage; the
current through this resistor will therefore be 27-75/1000 A =
27-75 mA.

The same p.d. across R,;, of Fig. 2.10b, or across the system
R, Ry R, of Fig. 2.9, will drive a current of 27-75/292-8 = 94-75 mA
through this branch. The whole of this flows through R, (2.10a), the
voltage across which will accordingly be 150 x0-09475=14-21 V.
Similarly, the p.d. across Ry, in Fig. 2.10a, or across both R, and R,

R

teofl
T
1
1 )= R
:E |42-%3Q 326°50).
: Rs

1,000
(a) (d)

Fig. 2.10—Successive stages in simplifying the circuit of Fig. 2.9. R,, stands for the
single resistances equivalent to R, and R,; and so on. R represents the whole system

in Fig. 2.9, will be 0-09475 < 142-8 — 13-54 V, from which we find
that the currents through R, and R; will be respectively 13-54/200
and 13-54/500 A, or 67-68 and 27-07 mA, making up the required
total of 94-75 mA for this branch.

This completes an analysis of the entire circuit; we can now
collect our scattered results in the form of the table below.

Resistance Current through | Potential Difference

(ohms) it (milliamps) l across it (volts)
R, 100 122-5 12-25
R, 200 67-68 13-54
R, 500 27-07 13-54
R, 150 9475 14-21
Ry 1000 27-75 27-75
R 326-5 122-5 40

It should be noted that by using suitable resistors any potential
intermediate between those given by the terminals of the battery
can be obtained. For instance, if the lower and upper ends of the
battery in Fig. 2.9 are regarded as 0 and + 40 (they could equally be
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reckoned as — 40 and 0, or — 10 and + 30, with respect to any
selected level of voltage), the potential of the junction between
R; and R, is 14-21 V. The arrangement is therefore called a
potential divider, and is often employed for obtaining a desired
potential not given directly by the terminals of the source. If a
sliding connection is provided on a resistor, to give a continuously
variable potential, it is generally known—though not always quite
Jjustifiably—as a potentiometer.

RESISTANCE ANALYSED

So far we have assumed the possibility of almost any value of
resistance without inquiring very closely into what determines the
resistance of any particular resistor or part of a circuit. We under-
stand that different materials vary widely in the resistance they
offer to the flow of electricity, and can guess that with any given
material a long piece will offer more resistance than a short piece,
and a thin piece than a thick. We have indeed actually proved as
much and more; by the rule for resistances in series the resistance

.

NE
(b)

Fig. 2,11—The rule for resistances in serics proves

L that doubling the length of a uniform conductor

N doubles its resistance (a). By the rule for resistances

! in parallcl, doubling its cross-scction area halves its

resistance (b); and doubling its diameter quarters its
resistance (¢)

=

of a uniform wire is exactly proportional to its length—doubling the
length is equivalent to adding another cqual resistance in series, and
so on (Fig. 2.114). Similarly, putting two equal pieces in parallel,
which halves the resistance, is equivalent to doubling the thickness;
so rtesistance is proportional to the reciprocal of thickness. Or, in
more precise language, to the cross-section area (Fig. 2.11b).
Altering the shape of the cross-section has no effect on the resistance
—with steady currents, at lcast. Fig. 2.11¢ shows how doubling the
diameter of a piece of wire divides the resistance by four.

To compare the resistances of different materials it is necessary to
bring them all to the same standard length and cross-section area,
which, in what is known as the m.k.s (metre-kilogram-second)
system of units, is one metre long by one square metre. This com-
parative resistance for any material is called its resistivity (symbol:
p> pronounced ““roe”). Knowing the resistivity (and it can be
found in almost any electrical reference book*) one can easily

* In the older books, resistivity is given in ohms per centimetre cube, or ohm-cm.
Resistivity in metre units is a number 100 times smaller.
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calculate the resistance of any wire or piece having uniform section
by multiplying by the length in metres (/) and dividing by the cross-
section area in square metres (4). In symbols:

_el
R=5

It is seldom necessary to make such calculations, because there
are tables showing the resistance per metre or per yard of all the
different gauges of wire, both for copper (usually used for parts of
the circuit where resistance should be as low as possible) and for
the special alloys intended to have a high resistance.

Resistance varies to some cxtent with temperature, so the tables
show the temperature at which they apply, and also the proportion
by which the resistance rises or falls with rise of temperature.

CONDUCTANCE

It is often more corvenient to work in terms of the ease with
which a current can be made to flow, rather than the difficulty; in
other words, in conductance rather than resistance. The symbol for
conductance is G, and its unit is equal to the number of amps
caused to flow by one volt. So I = EG is an alternative form of
I=E/R; and G = I/R. As conductance is thus resistance * up-
side down ”, its unit is called the mho. It has no official symbol,
but ¢5 has been suggested.

It is not difficult to see that corresponding fo the equation on the
previous page for calculating resistance there will be one for con-
ductance:
oA

/

where o (Greek * sigma ) stands for conductivity (mhos per metre).
The advantage of conductance appears chiefly in parallel circuits,
for which it is easy to see that the formulais G =G, + G, + ....

G =

KIRCHHOFF’S LAwWS

We have already taken it as obvious that no one point can be
at more than one potential at the same time. (If it is not obvious,
try to imagine a point with a difference of potential between itself;
then electrons will flow from itself to itself, i.e.,, a journey of no
distance and therefore non-existent.) So if you start at any point
on a closed circuit and go right round it, adding up all the voltages
on the way, with due regard for + and —, the total is bound to be
zero. [f it isn’t, a mistake has been made somewhere; just as a
surveyor must have made a mistake if he started from a certain
spot, measuring his ascents as positive and his descents as negative,
and his figures told him that when he returned to his starting-point
he had made a net ascent or descent.

This simple principle is one of what are known as Kirchhoff’s
laws, and is a great help in tackling systems of resistances where the
methods already described fail because there are no two that can be
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simply combined. One writes down an equation for each closed
loop, by adding together all the voltages and equating the total to
zere, and one then solves the resulting simultaneous equations.
That can be left for more advanced study, but the same law is a
valuable check on any circuit calculations. Try applying it to the
several closed loops in Fig. 2.9, such as that formed by E., R, and R;.
If we take the route clockwise we go * uphill ” through the battery,
becoming more positive by 40 V. Coming down through R, we move
from positive tonegative so add — 12-:25V,and, through R;, —27-75V,
reaching the starting point again. Check: 40 — 12:25 —27-75=0.

Taking another clockwise route via R, R;, and R,, we get
13-54 — 2775 41421 =0. And so on for any closed loop.

The other Kirchhoff law is equally obvious; it states that if
you count all currents arriving at any point in a circuit as positive,
and those leaving as negative, the total is zero. This can be used
as an additional check, or as the basis of an aiternative method of
solving circuit problems.

P.D. anp E.M.F.

The fact that both e.m.f. and p.d. are measured in volts may
at first be a little confusing. E.m.f. is a cause; p.d. an cffect. An
e.m.f. can only come from something active, such as a battery or
generator. It has the ability to set up a p.d. But a p.d. can exist
across a passive element such as a resistor, or even in empty space.
The p.d. across a resistor (or, as it is sometimes called, the voltage
drop, or just *“ drop ) is, as we know, equal to its resistance multi-
plied by the current through it; and the positive end is that at which
the current enters (or electrons leave). The positive end of a source
of e.m.f., on the other hand, is that at which current would leave if
its terminals were joined by a passive conductor. That is because
an e.m.f. has the unique ability of being able to drive a current
against a p.d.

Note that the positive terminal of a source of e.m.f. is not always
the one at which current actually does leave; there may be a greater
e.m.f. opposing it in the circuit.

It will be worth while to make quite sure that these questions
of direction of e.m.f., p.d. and current are clearly understood, or
there will be endless difficulty later on. So let us consider the
imaginary circuit shown in Fig. 2.12¢. Assume each cell has an
em.f. of 2 V.

All five cells in the battery B, are connected in series and all
tend to drive current clockwise, so the total clockwise e.m.f. of B, is
5 X 2=10V, and we can show this as in Fig. 2.125.

B, seems to be a flat contradiction of Kirchhoff’s law. Here
we have an e.m.f. of 2 V between two points which must be at the
same potential because they are joined by a wire of negligible
resistance! The cell is, as we say, short-circuited, or * dead-
shorted . Part of the answer to this apparent impossibility is that
no real source of e.m.f. can be entirely devoid of resistance. Often
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it is not enough to matter, so is not shown in diagrams. But
where the source is short-circuited it is vital, because it is the only
thing to limit the current. To represent a source of e.m.f. com-
pletely, then, we must include between its terminals not only a
symbol for e.m.f. but also one for resistance. When a source of
e.m.f. is open-circuited, so that no current flows, there is no voltage
drop in its internal resistance, so the terminal voltage is equal to
the e.m.f.  When current is drawn the terminal voltage falls, and if
the source is dead-shorted the internal drop must be equal to the
e.m.f., as shown in Fig. 2.12h. The other part of the answer is that
when the source has a very low resistance (e.g., a large accumulator

@ ' (b

Fig. 2.12—(a) is an imaginary circuit for illustrating the meanings

of e.m.f. and p.d. The voltages and currents in different parts

of it are marked in (bi. Arrows alongside voitages show the
direction of rise of potential

or generator) such an enormous current flows that even a wire of
normally negligible resistarce does not reduce the terminal voltage
to zero, and the wire is burnt out, and perhaps the source too.

In our example we shall assume that all the resistance is internal,
so the external effect of B, is nil.

If the loop containing By, B, and R, is considered on its own
as a series circuit, we see two e.m.fs each of 4 V in opposition, so
the net e.m.f. is zero, and no current due to them flows through R,.
As regards the main circuit, By and B, are in parallel, and contribute
ane.m.f. of — 4 V (because in opposition to B;, which we considered
positive). This can be indicated either by “ — 4 V> and a clock-
wise arrow, or by ‘4 V> and an anticlockwise arrow as shown.

We see, then, that putting a second battery in parallel does not
increase the main circuit e.m.f., but it does reduce the internal
resistance by putting two in parallel, so is sometimes done for that
reason. In our example the 20 € in series with B, is probably far
greater than the internal resistance of B, so practically all the
current will flow through By, and the effect of B, will be negligible.

We have, then (ignoring B,), 10 —4 =6 V net em.f. in the
circuit, and (neglecting the internal resistances of B, and B,) a total
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resistance of 74 5= 12 Q. The current round the circuit is
therefore 6/12 = 0-5 A, as marked, and the voltage drops across R,
and Ryare 0-5 X 7=3-5Vand 0-5 x 5 = 2-5 V respectively.

To help maintain the distinction between e.m.f. and p.d. it is
usual to reserve the symbol E for e.m.f., and to use ¥ to mean p.d.

Note that the potential difference between two points is some-
thing quite definite, but the potential of a point (like the height
of a hill) is relative, depending on what one takes as the reference
level. Heights are usually assumed to be relative to sea level, unless
it is obvious that some other * zero ™ is used (such as street level
for the height of a building). The potential of the earth is the
corresponding zero for electrical potentials, where no other is
implied. To ensure definiteness of potential, apparatus is often
connected to carth, as indicated by the symbol at the negative end
of B, in Fig. 2.12h.

ELECTRICAL EFFECTS

It is time now to consider what electricity can do. One of the
most familiar effects of an electric current is heat. It is as if the
jostling of the electrons in the conductor caused a certain amount
of friction. But whereas it makes the wire in an electric fire red hot,
and in an electric light bulb white hot, it seems to have no appreci-
able effect on the flex and other parts of the circuit—in a reputable
installation, anyway. Reasoning of the type we used in connection
with Fig. 2.11 shows that the rate at which heat is generated in a
conductor containing no e.m.fs is proportional to the product
of the current flowing through it and the e.m.f. applied; in symbols,
EI. Since both E and I are related to the resistance of the conductor,
we can substitute IR for E or E/R for I, getting I2R or E?/R as alter-
native measures of the heating effect. Thus for a given current the
heating is proportional to the resistance. Electric lamps and
heaters are designed so that their resistance is far higher than that
of the wires connecting them to the generator. /2R shows that the
heating increases very rapidly as the current rises. Advantage is
taken of this in fuses, which are short pieces of wire that melt (or
“ blow ) and cut off the current if, owing to a short-circuit some-
where, it rises dangerously above normal.

Another effect of an electric current is to magnetize the space
around it. This effect is particularly marked when the wire is
coiled round a piece of iron. As we shall see, it is of far more
significance than merely being a handy way of making magnets.

An effect that need not concern us much is the production of
chemical changes, especially when the current is passed through
watery liquids. A practical example is the charging of accumu-
lators. The use of the word “ charging” for this process is
Enf(_)rtunate, for no surplus or deficiency of electrons is accumulated

y it,

All these three effects are reversible; that is to say, they can be

turned into causes, the effect in each case being an e.m.f. The
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production of an e.m.f. by heating the junction of two different
metals is of only minor importance, but magnetism is the basis of
all electrical generating machinery, and chemical changes are very
useful on a smaller scale in batteries.

INSTRUMENTS FOR MEASURING ELECTRICITY

All three effects can be used for indicating the strength of currents;
but although hot-wire ammeters are occasionally used in radio
senders, the vast majority of current meters are based on the
magnetic effect. There are two main kinds: the moving-iron
instrument, in which the current coil is fixed, and a smalil piece of
iron with a pointer attached moves to an extent depending on the
amperage; and the moving-coil (generally preferred) in which the
coil is deflected by a fixed permanent magnet.

Besides these current effects there is the potential effect—the
attraction between two bodies at different potential. The force
of attraction is seldom enough to be noticeable, but if the p.d. is
not too small it can be measured by a delicate instrument. This is
the principle of what is called the electrostatic voltmeter, in which
a rotatable set of small metal vanes is held apart from an inter-
leaving fixed set by a hairspring. When a voltage is applied between
the two sets the resulting attraction turns the moving set through an
angle depending on the voltage. This type of instrument, which
is a true voltmeter because it depends directly on potential and
draws no current, is practical and convenient for full-scale readings
from about 1,000 V to 10,000 V, but not for low voltages. (* Full-
scale reading >’ means the reading when the pointer is deflected to the
far end of the scale.)

Since ¥V or E = IR, voltage can be measured indirectly by
measuring the current passed through a known resistance. If this
additional conducting path were to draw a substantial current from
the source of voltage to be measured, it might give misleading
results by lowering that voltage appreciably; so R is made relatively
large. The current meter (usually of the moving-coil type) is there-
fore a milliammeter, or better still a microammeter. For example,
a voltmeter for measuring up to | V could be made from a milli-
ammeter reading up to 1 mA by adding sufficient resistance to that
of the moving coil to bring the total up to 1,000 Q. The same
instrument could be adapted to read up to 10 V (all the scale readings
being multiplied by 10) by adding another resistance, called a
multiplier, of 9,000 Q, bringing the total to 10,000 Q. Such an
arrangement, shown in Fig. 2.13a, can obviously be extended.

The same milliammeter can of course be used for measuring
currents up to 1 mA by connecting it in series in the current path;
but to avoid increasing the resistance of the circuit more than can be
helped the voltage resistances would have to be short-circuited or
otherwise cut out. Care must be taken never to connect a current
meter directly across a voltage source, for its low resistance might
pass sufficient current to destroy it. Higher currents can be
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measured by diverting all but a known fraction of the current
through a by-pass resistance called a shunt. If, for example, the
resistance of the 0-1 milliammeter is 75 €, shunting it with 75/9 =
8:33 ) would cause nine times as much current to flow through the
shunt as passes through the meter, thereby multiplying the range by
10 (Fig. 2.13b).

Thus a single moving-coil instrument can be made to cover many
ranges of current and voltage measurement, simply by connecting
appropriate shunts and multipliers. These are, in effect, known
resistances used to reduce the current through the instrument to any
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Fig. 2.13—Showing how a single moving-coil indicating instrument can be used for
measuring (a) voltage, (b) current, (c) resistance. The moving coil and pointer
attached are shown diagrammatically

desired fraction. But the operation can be reversed by incorporat-
ing a battery sufficient to give full-scale deflection; then, when an
unknown resistance is connected, either as a shunt or multiplier,
according to whether it is small or large, the extent to which the
reading is reduced depends on the value of that resistance. It is
therefore possible to graduate the instrument in ohms and we have
an ohmmeter (Fig. 2.13¢).

ELecTRICAL POWER

When everyday words have been adapted for scientific purposes
by giving them precise and restricted meanings, they are more
likely to be misunderstood than words that were specially invented
for use as scientific terms—* electron *, for example. Power is a
word of the first kind. It is commonly used to mean force, or
ability, or authority. In technical language it has only one meaning:
rate of doing work. Work here is also a technical term, confined
to purely physical activity such as lifting weights or forcing things to
move against pressure or friction—or potential difference. If by
exerting muscular force you lift a 10 Ib weight 3 ft against the
opposing force of gravity you do 30 foot-pounds of work. And if
you take a second to do it, your rate of doing work—your power
output—is 30 ft-lbs per second, which is rather more than I /20th
of a horse-power. Correspondingly, if the electromotive force of
a battery raises the potential of 10 electrons by 3 volts (i.e., causes
them to flow against an opposing p.d. of 3 V) it does 30 electron-volts
of work; and if it takes one second to do it the output of power is
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30 volt-clectrons per second. The electron per second is, as we
saw, an extremely small unit of electric current, and it is customary
to use one more than 6 X 10 times larger—the ampere. So the
natural choice for the electrical unit of power might be called the
volt-ampere. Actually, for brevity (and another reason which appears
in Chapter 6), it has been given the name wart.

We now have the following to add to the table which was given
on p. 32:

Symbol for Unit of Symbol for
Quantity ' Quantity Quantity Unit
Electrical power P Watt w

We also have the equation P = E/. So when your 3 V torch battery
is lighting a 0-2 A bulb it is working at the rate of 0-:2 X 3 = 0:6 W.
In this case the battery e.m.f. is occupied in forcing the current
through the resistance of the filament in the bulb, and the resulting
heat is visible. We have already noted that the rate at which heat
is produced in a resistance is proportional to El—the product of
the e.m.f. applied and the current flowing—and now we know this
to be a measure of the power expended.

Alternative forms of the power relationship can be found as
on p. 44:

E2
P =1I*R and P::R.
Thus if any two of the four quantities £, /, R, and P are given, all
are known. For example, if a 1,000 Q resistor is to be used in a
circuit where 50 V will be maintained across it, the power dissipated
as heat will be 50%/1,000 = 2-5 W. In choosing such a resistor one
must take care not only that the resistance is correct but also that it
is large enough to get rid of heat at the rate equivalent to 2-5 W
without reaching such a high temperature as to damage itself or
things near it.

To familiarize oneself with power calculations it would be a good
exercise to add another column to the table on p. 39, headed *“ Power
(watts) ”, working out the figures for each resistor and checking
that they are the same whether derived from E/, I?R, or E?%R.
A further check is to add up all the wattages for R, to R; and see
that the total is the samc as that for R.

1t is often necessary to be able to tell whether a certain part of a
circuit is acting as a giver (or generator, or source) of power, or as a
receiver (or load). The test is whether the current is going through
it in the direction of rising potential, in which case power is being
generated there, or of falling potential, in which case power is being
delivered. In Fig. 2.12 the current is going through B, from
— to 4, so B, is a generator, as one would expect of a battery.
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But it is going through B; from 4 to —, so although in a different
circuit B, could be a generator, in this one it is a load, into which
power is being delivered, perhaps for charging it. Through any
resistance alone, current can only flow from + to —, for a resistance
is essentially a user-up of power.

A BROADER VIEW OF RESISTANCE

It will be found later on in this book that there are other ways in
which electrical power can be “ lost ”” than by heating up the circuit
through which the current flows. This leads to a rather broader
view of resistance; instead of defining it as E/R, resulting from an
experiment such as that connected with Fig. 2.3, one defines it as
P/I* (derived from P = /*R), P being the expenditure of power in
the part of the circuit concerned, and / the current through it. The
snag is that P is often difficult to measure. But as a definition to
cover the various sorts of “ resistance ’ encountered in radio it is
very useful.

A feature of electrical power expended in resistance—however
defined-—is that it leaves the circuit for good. Except by some
indirect method it is not possible to recover any of it in the form of
electrical power. But there are ways in which electrical power can
be employed to create a store of energy that can be released again as
electrical power. Energy here is yet another technical term, mean-
ing the amount of work that such a store can do. It can be reckoned
in the same units as work, and so power can be defined alternatively
as rate of release of energy. To return to our mechanical analogy,
30 ft-1bs of energy expended by exerting a force of 10 Ibs to push a
box 3 ft across the floor is all dissipated as heat caused by friction.*
But 30 ft-1bs used in raising a 10 Ib weight 3 ft is stored as what is
called potential energy. If the weight is allowed to descend, it
delivers up the 30 ft-Ibs of energy, which could be used to drive a
grandfather clock for a week. Another way of storing the energy
would be to push a heavy truck mounted on ball bearings along rails.
In this case very little of the pressure would be needed to overcome
the small amount of friction; most of it would have the effect of giving
it momentum which would keep it going long after the 3 ft push had
finished. A heavy truck in motion is capable of doing work
because the force setting it in motion has been used to store energy
in it; this kind is called kinetic energy.

In the next chapter we shall begin the story of how electrical
power can be stored and released in two ways, corresponding to
potential and kinetic energy, and how this makes it possible to tune
in to different stations on the radio.

* Electrical units are defined in terms of mechanical forces etc., in metric units.
Because of the relationships between metric and British units, a power of 746
watts is equal to 550 ft-lbs lper second (1 horse power). It is confirmed by ex-
periment that the amount of heat is the same, whether produced by dissipation
of 1 mechanical HP or 746 electrical watts.
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CHAPTER 3

Capacitance

CHARGING CURRENTS

ALTHOUGH MosT of the last chapter was about steady e.m.fs driving
currents through resistances, you may remermber that the whole
thing began with the formation of an electric charge. We likened it
to the deportation of unwilling citizens from town A to town B.
Transferring a quantity of electrons from one place to another and
leaving them there sets up a stress between the two places, which is
only relieved when the same quantity of electrons has been allowed
to flow back. The total amount of the stress is the p.d., measured
in volts. And the place with the surplus of electrons is said to be
negatively charged. The original method of charging—by friction—
is inconvenient for most purposes and has been generally superseded
by other methods. If an e.m.f. of, say, 100 V is used, electrons
will flow until the p.d. builds up to 100 V; then the flow will cease
because the charging and discharging forces are exactly equal.

It was at this stage that we provided a conductive path between
the negatively and positively charged bodies, allowing the electrons
to flow back just as fast as the constant e.m.f. drove them, so that
a continuous steady current was set up. This state of affairs could
be represented as in Fig. 3.1. Our attention then became attached
to this continuous current and the circuit through which it flowed.
The electron surplus at the negative end—and the deficit at the
positive end—seemed to have no bearing on this, and dropped out
of the picture. So long as e.m.f. and current are quite steady, the
charges can be ignored.

But not during the process of charging. While that is going on
there must be more electrons entering B than are leaving it; and
vice versa during discharging. Assuming that there are parts of a
circuit requiring a substantial number of electrons to charge them to

DEFICIENCY.,
OF ELECTRONS

Fig. 3.1—Before a p.d. can be estab-
lished between any two parts of a

circmit (such as A and B) they inust be ELECTR
charged, and when the p.d. is rapidly LEFCLO\S NS ELFESJV%ON
varied the charging current may be B

important SURPLUS OF ELECTRONS HERE
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a potential cqual to the applied e.m.f., then it is clear that the
ordinary circuit principles we have been studying become more com-
plicated whenever the e.m.f. varies. For one thing, it seems as if
the current is no longer the same in all parts of a series circuit. The
moment the e.m.f. is applied, a charging current starts to flow, over
and above any current through conducting paths. If the e.m.f. is
increased at any time, a further charging current flows to raise the
p.d. correspondingly. Reducing the e.m.f. causes a discharging
current. Seeing that both wire and wireless communication
involve e.m.fs that are continually varying, it is evidently important
to know how far the charging and discharging currents affect
matters.

CAPACITANCE: WHAT IT Is

The first thing is to find what decides the number of electrons
needed to charge any part of a circuit. The number of people that
could be transferred to another town would probably depend on
(a) the pressure brought to bear on them, (b) the size of the town,
and (¢) its remoteness. The number of electrons that are transferred
as a charge certainly depends on the electrical pressure applied—
the em.f. As one would expect, it is proportional to it. If the
battery in Fig. 3.1 gave 200 V instead of 100, the surplus of electrons
forced into B would be just twice as great. The quantity of electrons
required to charge any part of a circuit to 1 V is called its capacitance.

We have already found that as a practical unit of electric current
one electron-per-second would be ridiculously small, and the
number that fits the metric system is rather more than 6 x 108
electrons per second (=1 A). So it is natural to take the same
number as the unit of electric charge or gquantity of electricity
(symbol: Q). It is therefore equal to the number that passes a
given point every second when a current of 1 A is flowing, and the
name for it is the coulomb. So the obvious unit of capacitance is
that which requires 1 coulomb to charge it to 1 volt. It is named
the farad (abbreviation: F) in honour of Michael Faraday, who
contributed so much to electrical science. In symbols, the relation-
ship between electric charge, voltage, and capacitance is

Q= VC

which may be compared with the relationship between electric
current, voltage, and conductance (p. 1). V is used instead
of E because fundamentally it is the p.d. that is involved rather
than the charging e.m.f. If the conducting path and e.m.f. in
Fig. 3.1 were both removed, leaving A and B well insulated, their
charge and the p.d. would remain.

As capacitance is equal to the charge required to set up a given
potential difference between two parts of a circuit or other objects,
one has to speak of the capacitance berween those objects, or of
one to another. And because the capacitance between, say, A and
B in Fig. 3.1 is in parallel with the resistance it does not really make
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an exception to the rule that the current is the same throughout a
series circuit.

CAPACITANCE ANALYSED

We saw that when any object is being charged the current going
into it is greater than that coming out. So if Kirchhoff’s law
about currents is true in all circumstances, the object must be more
than just a point; it must have some size. We would expect the
capacitance of objects to one another to depend in some way on
their size; the question is, what way?

When analysing resistance (p. 40) we found that it depended on
the dimensions of the conductor and what it was made of. So,
of course, does conductance, though in inverse ratio (p. 41).
Capacitance, however, has to do with the space between the con-
ductors; it results from the force of attraction that can be set up
in that space, or from what is called the electric field. Suppose A
and B in Fig. 3.2 are our oppositely-charged terminals. The
directions along which the force is felt are indicated by dotted lines,
called lines of electric force. These show the paths electrons
would take if they were free to move slowly under the force of
attraction to . (But to agree with the convention for direction
of electric currents the arrows point in the opposite direction.)
To represent a morve intense field, lines are drawn more closely
together. Each can be imagined to start from a unit of positive
charge and end on a unit of negative charge. It must be under-
stood that it is a matter of convenience what size of unit is taken for
this purpose; and that the lines are not meant to convey the idea
that the field itself is in the form of lines, with no field in the spaces
between.

The fact that the space between two small widely-separate objects
such as these is not confined to a uniform path makes the capacitance
between them a more difficult thing to calculate than the resistance
of a wire. But consider two large flat parallel plates, shown edge-on
in Fig. 3.3a. Except for a slight leakage around the edges, the field
is confined to the space directly between the plates, and this space,
where the field is uniformly distributed, is a rectangular slab.
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Fig. 3.2—The dotted lines indicate \
the direction and relative intensity \
of electric field between two
oppositely-charged terminals, A f
and B H
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Suppose, for the sake of example, the plates are charged to a
p.d. of 100 V. Since the field is uniform, the potential changes at a
uniform rate between one plate and the other. Reckoning the
potential of the lower plate as zero, the potential half way between
the plates is therefore 4+ 50 V. A third plate could be inserted
here, and we would then have two capacitances in series, each with
a p.d. of 50 V. Provided that the thickness of the third plate was

+ 100V 4
UEREyEEEEEERES {1200V
100V == =
@) + (b
Ath]J
100V =
©)

Fig. 3.3—Consideration of the electric field hetween closely-spaced parallel plates
leads to the relationship between dimensions and capacitance

negligible, its presence would make no difference to the amount of
the charge required to maintain 100 V across the outer plates.
Each of the two capacitances in series would therefore have the
same charge but only half the voltage. To raise their p.d. to 100 V
each, the amount of charge would have to be doubled (Fig. 3.3b).
in other words (remembering that C = Q/V) halving the spacing
doubles the capacitance. 1n general, C is inversely proportional
to the distance between the plates (which we can denote by 1).

Next, imagine a second pair of plates, exactly the same as those
in Fig. 3.3a. Obviously they would require the samc quantity of
electricity to charge them to 100 V. If the two pairs were joined
together as in Fig. 3.3¢, they would form one unit having twice the
cross-section area and requiring twice the charge to set up a given
p.d.; in other words, twice the capacitance. In general, C is
directly proportional to the cross-section area of the space between
the plates (which we can denote by A).

So the capacitance between two plates separated by a rectangular
slab of space in which the electric field is uniform depends on the
dimensions of the slab in the same way as does the conductance of
a piece of material (p. 41):

Here ¢ (** epsilon ) is the * constant™, corresponding to con-
ductivity, needed to link the chosen system of units with the experi-
mentally observed facts. Formerly the symbol « was used. One
would expect it to be called * capacitivity ”*, but actually the name
is absolute permittivity. When, as in the m.k.s. system of units
(p. 40), C is reckoned in farads, ¢ in metres, and 4 in square metres,
and the space is completely empty, ¢ turns out to be 8-854 x 10-12,
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This particular value is sometimes called the ** electric space con-
stant ’ and is given the distinctive symbol .

Filling the space with air makes hardly any difference; but if you
use solid or liquid materials such as glass, paper, plastics or oil, the
capacitance is increased. You may remember that a feature of
insulators (p. 31) is that their electrons are unable to drift through
the material in large numbers but that they “ strain at the leash ”
under the influence of an electric field. When the field is set up—
by applying an e.m.f.—this small shift of the electrons all in one
direction is equivalent to a momentary current, just like a charging
current. Similarly their return to normal position in the atoms
is equivalent to a discharging current. The total charging and dis-
charging currents are therefore greater than when the space is
unoccupied. The amount by which the capacitance is multiplied
in this way by filling the wholc of the space with such a material is
called the relative pernmiittivity of the material, or often just per-
mittivity (symbol: e).

Insulating materials in this role are called dielectrics, and another
name for relative permittivity is dielectric constant. For most
solids and liquids it lies between 2 and 10, but for special materials
it may be as much as several thousands.

Just as the embodiment of resistance is a resistor, a circuit element
designed for its capacitance is called a capacitor; the older name
condenser is also used. Usually it consists of two or more
parallel plates spaced so closely that most of the field is directly
between them, as in Fig. 3.3.

The capacitance of a capacitor thus depends on three factors:
area and thickness of the space between the plates, and permittivity
of any material there. For convenience, the permittivity specified
for materials is the relative value, er; and since € is & times ¢, the
formula is usually adapted for ¢ by filling in the value of ;:

_ 8854 x 10712 ¢ A

¢ t

This practice is so common that the little r is usually omitted,
*““ ¢ 7 being understood to be the relative value.

Supposing, for example, the dielectric had a permittivity of 5 and
was 0-1 cm thick, the area needed to provide a capacitance of 1 F
would be about 9 square miles. In practice the farad is far too
large a unit, so is divided by a million into microfarads (uF), or even
by 101 into picofarads (pF), sometimes called micro-microfarads
(weF). Adapting the above formula to the most convenient units
for practical purposes, we have:

C = 1;'43 ¢ picofarads,

the dimensions being in centimetres.
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CAPACITORS

The general symbol for a capacitor in circuit diagrams is Fig. 3.4q.
The capacitors themselves appear in great variety in radio circuits,
according to the required capacitance and other circumstances.
Some actually do consist of a single shect of insulating material
such as mica sandwiched between a pair of metal plates, but some-
times there are a number of plates on each side as indicated in
Fig. 3.4b.  The effective area of one dielectric is of course multiplied
by their number—in this case four. Fig. 3.45 was at one time used
in circuit diagrams to indicate a large capacitance.

A very common form of capacitor consists of two long strips of
tinfoil separated by waxed paper and rolled up into a compact
block. Above one or two microfarads it is often more economical
to use aluminium plates in a chemical solution or paste which
causes an extremely thin insulating film to form on one of them.
Apart from this film-forming, the solution also acts as a conductor
between the film and the other plate. These electrolytic capacitors

T capacitor, (c) the same (electrolytic), in
(@) ®) which the white plate is positive, and

(d) variable capacitor. The symbol (b)
denoting one of large capacitance is
J—_‘ generally obsolete

T(c) (d

must always be connected and used so that the terminal marked -+
never becomes ncgative relative to the other. Even when correctly
used there is always a small leakage current. To help the wireman,
the symbol Fig. 3.4c, in which the 4 plate is distinguished by
outlining, is often used for electrolytic types.

Air is seldom used as the dielectric for fixed capacitors, but is
almost universal in variable capacitors. These, indicated in
diagrams as Fig. 32d, consist of two sets of metal vanes which can
be progressively interleaved with one another, so increasing the
effective area, to obtain any desired capacitance up to the maximum
available, seldom more than 500 pF.

Besides the capacitance, an important thing to know about a
capacitor is its maximum working voltage. If the intensity of
electric field in a dielectric is increased beyond a certain limit the
elastic leashes tethering the electrons snap under the strain, and the
freed electrons rush uncontrollably to the positive plate, just as if
the dielectric were a good conductor. It has, in fact, been broken
down or punctured by the excessive voltage. For a given thickness,
mica stands an exceptionally high voltage, or, as one says, has a
relatively high dielectric strength. Air is less good, but has the
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advantage that the sparking across resulting from breakdown does
it no permanent harm.

The highest voltage that could be safely applied to a variable
capacitor would not cause nearly enough attraction between the
fixed and moving vanes to make them turn into the maximum
capacitance position; but an electrostatic voltmeter (p. 45) can
be looked upon as a very small variatle capacitor with its moving
vanes so delicately suspended that they do move under the attractive
force and indicate the voltage.

In our concentration on intentional capacitance between plates,
we should not forget that, whether we like it or not, every part of a
circuit has capacitance to surrounding parts. When the circuit
e.m.fs are varying rapidly, these stray capacitances may be very
important.

CHARGE AND DISCHARGE OF A CAPACITOR

It is instructive to consider the charging process in greater detail.
In Fig. 3.5 the capacitor can be charged by moving the switch to A,
connecting it across a battery; and discharged by switching to B.
R might represent the resistance of the wires and capacitor plates,

(p}

Fig. 3.5—Circuit used for obtain-
ing the charge and discharge
curves shown in Fig. 3.6

m
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but as that is generally very small it will be casier to discuss the
matter if we assume we have added some resistance, enough to bring
the total up to, say, 200 €. Supposc the capacitance C is 5 pF
and the battery e.m.f. 100 V.

At the exact moment of switching to A the capacitor is as yet
uncharged, so there can be no voltags across it; the whole of the
100 V e.m.f. of the battery must therefore be occupied in driving
current through R, and by Ohm's law that current is found to be
0-5 A (extreme left of Fig. 3.6a). Reckoning the potential of the
negative end of the battery as zero, we have at this stage the positive
end of the battery, the switch, the upper plate of the capacitor, and
(because the capacitor has no p.d. across it) the lower plate also,
all at + 100 V. The lower end of the resistor is zero, so we have
100 V drop across the resistor, as already stated. Note that inmne-
diately the switch is closed the potential of the lower plate of the
capacitor as well as that of the upper plate jumps from zero o0 + 100.
The use of a capacitor to transfer a sudden change of potential to
another point, without a conducting path, is very common.
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Fig. 3.6—These curves show the current and voltage in the circuit of Fig. 3.5
during charge and discharge

We have already seen that the number of coulombs required to
charge a capacitance of C farads to V volts is ¥C. In this case, it
is 100 X 5 x 108, which is 0-0005. As a coulomb is an ampere-
second, the present charging rate of 0-5 A, if maintained, would
fully charge the capacitor in 0-001 sec. The capacitor voltage
would rise steadily as shown by the sloping dotted line in Fig. 3.6b.
Directly it starts to do so, however, there are fewer volts available
for driving current through R, and so the current becomes less and
the capacitor charges more slowly. When it is charged to 50 V,
50 V are left for the resistor, and the charging rate is 0-25 A. When
Cis charged to 80 V, 20 are left for R, and the currentis 0-1 A. And
so on, as shown by the curves in Fig. 3.6.

Curves of this type are known as exponential, and are characteristic
of many growth and decay phenomena. Note that the current
curve’s downward slope, showing the rate at which the current is
decreasing, is at every point proportional to the current itself. It
can be shown mathematically that in the time a capacitor would
take to charge at the starting rate it actually reaches 6329 of
its full charge. By using the principles we already know we have
calculated that this time in the present example is 0-001 sec. Try
working it out with letter symbols instead of numbers, so that it
covers all charging circuits, and you should find that it is CR secs,
regardless of the voltage E. CR—equal to the time taken to reach
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63-2%, of final charge—is of course a characteristic of the circuit,
and is called its time constant.

Theoretically, the capacitor is never completely charged, because
the charging depends on there being a difference between the applied
e.m.f. and the capacitor voltage, to drive current through the
resistance. If the current scale is multiplied by 200 (the value of R),
the upper curve is a graph of this voltage across R. Note that the
voltages across C and R at all times up to 0-004 sec add up to 100,
just as Kirchhoff says they ought (p. 41).

For practical purposes the capacitor may be as good as fully
charged in a very short time. Having allowed 0-004 sec for this to
happen in the present case, we move the switch to B. Here the
applied voltage is zero, so the voltages across C and R must now add
up to zero. We know that the capacitor voltage is practically 100,
so the voltage across R must be — 100, and the current — 0-5 A; that
is to say, it is flowing in the opposite direction, discharging the capaci-
tor. And so we get the curves in Fig. 3.6 from 0-004 sec onwards.

WHERE THE POWER GOES

The height of the charging curve above the zero linc in Fig. 3.6a
represents the current supplied by the battery. Multiplicd by its
e.m.f. (100 V) it represcnts the power. When first switched on,
the battery is working at the rate of 0-5 X 100 = 50 watts, but
at the end of 0-004 scc this has fallen off almost to nothing. At
first the whole 50 watts goes into the resistance, so all its energy is
lost as heat. But the effort of the e.m.f. immediately becomes
divided, part being required to drive the current through R and the
rest to charge C. It is clear that encrgy is going into the capacitance
(p. 47); what happens to it? The answer is that it is stored as an
olectric field, in a similar way to the storage of mechanical energy
in a spring when it is compressed by an applied force. During the
charging process as a whole, half the release of energy from the
battery is lost as heat in the resistor, and half is stored in the
capacitor. :

When we come to the discharge we find that the voltage across R
and the current through R follow exactly the same curves as during
the charge, except that they are both reversed. But multiplying two
negatives together gives a positive, so the energy expended in R
is the same amount as during charge. The capacitor voltage and
current during the discharge are the same as for the resistor, so the
amount of energy is equal; in fact, it is the same energy, for what
goes into the resistor has to come out of the capacitor. Applying
the test described on p. 47, we can check that the capacitor is a
source of energy; the current that is going into the resistar at its
positive terminal is coming out from the capacitor’s positive terminal.

Summing up: during the charging period half the energy supplied
by the battery is stored as an electric field in the capacitor and half
is dissipated as heat in the resistor; during discharge the half that
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was stored is given back at the expense of the collapsing field and is
dissipated in the resistor.

It may be as well to repeat the warning that the * charging ” and
*“ discharging ” of accumulator batteries is an entirely different
process, accompanied by only minor variations in voltage. The
electricity put into the battery is not stored as an electric charge: it
causes a reversible chemical change in the plates.

A point to remember is that the p.ds set up across R at the instants
of switching to A and B are short-lived; some idea of their duration
in any particular case can be found by multiplying C by R in farads
and ohms respectively, giving the answer in seconds. These
temporary changes are called transients.
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CHAPTER 4

Inductance

MAGNETS AND ELECTROMAGNETS

IF A PIECE of paper is laid on a straight * bar ” magnet, and iron
filings are sprinkled on the paper, they are seen to arrange them-
selves in a pattern something like Fig. 4.1a. The lines show the
paths along which the attraction of the magnet exerts itself. (Com-
pare the lins of electric force in Fig. 3.2)  As a whole, they map out
the magnetic field, which is the ** sphere of influence ”, as it were,
of the magnet. The field is most concentrated around two regions,
called poles,* at the ends of the bar. The lines may be supposed to
continue right through the magnet, emerging at the end marked N
and returning at S.  This direction, indicated by the arrows, is (like
the direction of an electric current) purely conventional, and the
lines themselves are an imaginary representation of a condition
occupying the whole space around the magnet.

The same result can be obtained with a previously quite ordinary
and unmagnetized piece of iron by passing an electric current through
a wire coiled round the iron—an arrangement known as an electro-
magnet. Itis not even necessary to have the iror core (as it is called);
the coil alone, so long as it is carrying current, is interlinked with a
magnetic field having the same general pattern as that due to a bar
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Fig. 4.1—The dotted lines indicate the direction and distribution of magnetic
field around (a) a permanent bar magnet, and (b) a cwil of wire carrying current

*The tc_rmingls of a battery or other voltage generator, between which clectric field

lines are imagined, arc sometimes also called poles. The matter of which end of a
magnet is N, or which terminal of a battery is +, is called its polariry.
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magnet, as can be seen by comparing Fig. 4.1a and 5. Without
the iron core, however, it is considerably weaker. Finally, if the
wire is unwrapped, every inch of it is still found to be surrounded
by a magnetic field. Though very much less concentrated than in
the coil, it can be demonstrated with filings as in Fig. 4.2, if the
current is strong enough.

The results of these and other experiments in electromagnetism
are expressed by saying that wherever an electric current flows it
surrounds itself with a field which sets up magnetic flux (symbol: ®,
pronounced *“ fie ’).  This flux and the circuit link one another like

Fig. 4.2—Conventional direction of magnetic
field around a straight wire carrying current

two adjoining links in a chain. By winding the circuit into a
compact coil, the field due to each turn of wire is made to operate in
the same space, producing a concentrated magnetic flux (Fig. 4.15).
Finally, certain materials, notably iron and its alloys, described as
Jerromagnetic, are found to have a very large multiplying effect on
the flux, this property being called the relative permeability of the
material, denoted by the symbol u. The permeabilities of most
things, such as air, water, wood, brass, etc., are all practically the
same and are therefore generally reckoned as 1. Certain iron
alloys have permeabilities running into many thousands. Unlike
resistivity ‘and permittivity, however, the permeability of ferro-
magnetic materials is not even approximately constant but varies
greatly according to the flux density (i.e., the flux passing through
unit area at right angles to its direction).

It is now known that all magnets arc really electromagnets.
Those that seem not to be (called permanent magnets) are magnetized
by the movements of the electrons in their own atomic structure.
The term * electromagnet ”’ is however understood to refer to one
in which the magnetizing currents flow through an external circuit.

INTERACTING MAGNETIC FIELDS

The “N” and “S” in Fig. 4.1 stand for North-seeking and
South-seeking respectively. Everybody knows that a compass
needle points to the north. The needle is a magnet, and turns
because its own field interacts with the field of the earth, which is
another magnet. Put differently, the north magnetic pole of the
earth attracts the north-seeking pole of the needle, while the earth’s
south pole attracts its south-seeking pole. The poles of a magnet
are often called, for brevity, just north and south, but strictly, except
in referring to the earth itself, this is incorrect. By bringing the
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by a magnet, proving that like poles A
1

Fig. 4.3—Deflection of a compass needle N N
i A
repel and unlike poles attract g

v

s @ (b
two poles of a bar magnet—previously identified by suspending it
as a compass—in turn towards a compass needle it is very easy to
demonstrate, as in Fig. 4.3, that unlike poles attract one another.
This reminds one of the way electric charges behave.

Now suppose we hang a coil in such a way that it is free to turn,
as suggested in Fig. 4.4. So long as no current is passing through
the coil it will show no tendency to set itself in any particular
direction, but if a battery is connected to it the flow of current will
transform the coil into a magnet. Like the compass needle, it
will then indicate the north, turning itself so that the plane in which
the turns of the coil lie is east and west, the axis of the coil pointing
north. If now the current is reversed the coil will turn through
180 degrees, showing that what was the N pole of the coit is now,
with the current flowing the opposite way, the S.

The earth’s field is weak, so the force operating to turn the coil
is small. When it is desired to make mechanical use of the magnetic
effect of the current in a coil it is better to provide an artificial field
of the greatest possible intensity by placing a powerful magnet as
close to the coil as possible. This is the basis of all electric motors.

In radio, however, we are more interested in other applications of
the same principle, such as the moving-coil measuring instruments
described very briefly on p. 45. The coil is shaped somewhat
as in Fig. 4.4, and is suspended in the intense ficld of a permanent
magnet. Hairsprings at each end of the coil serve the double
purpose of conducting the current to the coil and keeping the coil
normally in the position where the pointer attached to it indicates
zero. When current flows through it the coil tends to rotate against
the restraint of the springs, and the angle through which it moves

+— SUSPENSION \l

Fig.4.4—A coil carrying current, and
free to rotate, sets itself with its axis {
P

and b an end view 'a) (b) \m

pointing N and S. a is a side view
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is proportional to the magnetic interaction, which in turn is pro-
portional to the value of the current.

INDUCTION

On the last page but one we noted the fact that the magnetic
circuit formed by the imaginary flux lines is linked with the electric
circuit that causes them, like two adjoining links in a chain (Fig. 4.5).
Now suppose the electric circuit includes no source of e.m.f. and

Fig. 4.5—An electric current and the magnetic

flux set up thereby are linked with one another

as indicated in this diagram, which shows the
relative directions established by convention

consequently no current, but that some magnetic flux is made to
link with it.  There are various ways in which this could be done: a
permanent magnet or an electromagnet—or any current-carrying
circuit—could be moved towards it, or current could be switched on
in a stationary circuit close to it. Whatever the method, the result
would be the same: so long as the flux linked with the circuit was

e —

-

Fig. 4.6—When the magnetic

linkage with any closed path is

varied, say by moving a magnet

near it, an e.m.f. is generated
around the path

increasing, an e.m.f. would be generated in the circuit. The
direction and magnitude of this induced e.m.f. can be found by
means of a suitable voltmeter, as in Fig. 4.6; the e.m.f. is pro-
portional to the rate at which the amount of flux linked with the
circuit is changing. So a constant flux linkage yields no e.m.f.
When the flux is removed or decreased, a reverse e.m.f, is induced.
If the circuit were closed, the e.m.f. would make a current flow
around it.

This result, first discovered by Michael Faraday in 1831, is
the basis of all electrical engineering. The electrical generators in
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power stations are devices for continuously varying the magnetic
flux linked with a circuit, usually by making electromagnets rotate
past fixed coils. The alternative method of varying the flux link-
ages—by varying the current in adjaccnt fixed coils—is adopted in
transformers (p. 69) and, as we shall see, in all kinds of radio
equipment.

SELF-INDUCTANCE

So far we have been thinking of an e.m.f. being induced in a
circuit by the varying of magpetic flux due to current in some other
circuit. But in Fig. 4.5 we see a dotted loop representing the flux
due to current flowing in that circuit itself. Before the current
flowed there was no flux. So, directly the current was switched on,
the flux linked with the circuit must have been increasing from
zero to its present value, and in the process inducing an e.m.f. in
its own circuit. This effect is—very naturally—known as self-
induction. Since Fig. 4.5 can be taken to represent any circuit
carrying current, and because a flow of current inevitably results in
some linked magnetic flux, it follows that an e.m.f. is induced in
any circuit in which the current is varying.

The amount of e.m.f. induced in a circuit (or part of a circuit)
when the current is varied at some standard rate is called its self-
inductance, or often just ““ inductancc > (symbol: L). To line up
with the units we already know, its unit, called the henry (abbrevia-
tion: H), was so defined that the inductance of a circuit in henries
is equal to the number of volts self-induced in it when the current is
changing at the rate of 1 ampere per second.

Actually it is the change of flux that induces the e.m.f., but since
information about the flux is less likely to be available than that
about the current, inductance is specified in terms of current. What
it depends on, then, is the amount of flux produced by a given
current, say 1 A. The more flux, the greater the e.m.f. induced
when that current takes one second to grow or die, and so the
greater the inductance. The flux produced by a given current
depends, as we have seen, on the dimensions and arrangement of
the circuit or part of circuit, and on the permeability.

INDUCTANCE ANALYSED

We had no great difficulty in finding a formula expressing
resistance in terms of resistivity and the dimensions of the circuit
element concerned, because currents are usually confined to wires
or other conductors of uniform cross-section. Capacitance was
not so easy, because it depends on the dimensions of space between
conductors, and the distribution of the elcctric field therein is likely
to be anything but uniform, but for the particular and practically-
important case of a thin space between parallel plates we found a
formula for capacitance in terms of permittivity and the dimensions
of the space. Inductance is even more difficult, because the magnetic
fields of many of the circuit forms used for providing it, known in
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general as inductors, are not even approximately uniform or easily
calculated. Another complication is that some of the flux may
link with only part of the circuit. In coils, for example, the flux
generlellted by one turn usually links with some of the others but
not all.

However, Fig. 4.7 shows a type of inductor in which the coil is
linked with an iron core of nearly uniform cross-section area. The
permeability of the iron is usually so high that the core carries very
nearly all the magnet flux: the remainder—called /eakage flux—

IRON CORE

AR

Fig. 4.7—Showing how a closed iron

core links with the turns of the coil and

carries nearly all the flux set up by
the coil

e
MAGNETIC FLUX

that strays from it through the surrounding air or the material of the
coil itself, can be neglected. So it is nearly true to assume that all
the flux links all the turns, and that it is uniformly distributed
throughout the whole core. On that assumption, the inductance
of a coil is related to the dimensions in the same way as for con-
ductance and capacitance:
uA
L=

where A is the cross-section arca of the core, / is its length, and p
is its absolute permeability. As with permittivity, the ** absolute ”
value is the one that gives the answer in the desired units without
the assistance of other numbers (*‘ constants”’). In m.k.s. units
(p. 40), in which L is in henries, 4 in square metres and / in metres,
its value for empty space (sometimes called the * magnetic space
constant ”’), denoted by p,, is 1:257 x 10-8. The same value is
practically correct for air and most other substances cxcept the
ferromagnetic materials. Although strictly the permeability (u) is
this u, multiplied by the relative permeability . (p. 60), the values
quoted for materials are invariably relative, so the formula is usually
adapted for them by incorporating p,:

L=L%7XP4MA

And, as with permittivity, u. is then usually written * x>’ and called
just “permeability”. For air, etc., it can be omitted altogether,
being practically 1. If the dimensions are in centimetres, 10-8
must be substituted for 108,

The above equation is for only one turn. If there are N turns
the same current flows N times around the area A4, so the flux
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(assuming p to be constant) is N times as much. Moreover, this
N-fold flux links the circuit N times, inducing N times as much
e.m.f. when it varies as in one turn. So the inductance is N? times

as great:
1:257 X 10=% pur AN?
A= ]

PrAcTICAL CONSIDERATIONS

In practice this formula is not of much use for calculating the
inductance of even iron-cored coils. For one thing, in order to get
the core into position around the coil it is necessary to have it in
more than one piece, and the joint is never so magnetically perfect
as continuous metal. Even a microscopic air gap makes an appre-
ciable difference, because it is equivalent to an iron path perhaps
tens of thousands of times as long. Then the permeability of iron
depends very much on the flux density and therefore on the current
in the coil. ~ So one cannot look it up in a list of materials as one
can resistivity or permittivity. It is usually found plotted as a
graph against magnetizing force in ampere-turns per unit length
of core.

With * air-core ” coils, even when all the turns are close together
it is hardly correct to assume that all the fiux due to each turn
links with the whole lot; and the error is of course much greater
if the turns are widely distributed as in Fig 4.15. An even greater
difficulty is that the flux does not all follow a path of constant
area A and equal length /.

A general formula for inductance has nevertheless becn given, to
bring out the basic similarity in form to those for conductance and
capacitance, but for practical purposes it is necessary either to
measure inductance or calculate it from the various formulae and
graphs that have been worked out for coils and straight wires of
various shapes and published in radio reference books.

Between a short length of wire and an iron-cored coil with
thousands of turns there is an enormously large range of inductance.
The iron-cored coil might have an inductarce of many henries; the
short wire a small fraction of a microhenry. Yet the latter is not
necessarily unimportant. The maximum current may be much
less than 1 A, but if it comes and goes a thousand million times a
second its rate of change may well be millions of amps per second
and the induced voltage quite large.

It is, of course, this induced voltage tkat makes inductance
significant. Just how significant will appear in later chapters, but
we can make a start now by comparing and contrasting it with the
voltage that builds up across a capacitance while it is being charged.

GROWTH OF CURRENT IN INDUCTIVE CIRCUIT

Firstly, what is the direction of the induced voltage? There are
two possibilities: it might be in such a direction as to assist or to
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oppose the change of current that caused it. If it were to assist,
the current would change more rapidly, inducing a greater voltage,
increasing the change of current still more, and there would be no
limit to the thing. That is clearly absurd, and in fact the induced
voltage always tends to oppose the change of current responsible
for it.

What happens when current is switched on in an inductive
circuit can be studied with the arrangement shown in Fig. 4.8, which
should be compared with Fig. 3.5. To make comparison of the

L Fig. 4.8—Circuit used for studying
the rise and fall of current in an
inductive circuit

Rl

results easy, let us assume that the inductance, for which the curli-
ness marked L is the standard symbol, is 0-2 H, and that R (which
includes the resistance of the coil) is 200 Q, and £ is 100 V as before.

With the switch as shown, no current is flowing through L and
there is no magnetic field. At the instant of switching to A, the
full 100 V is applied across L and R. The current cannot instantly
leap to 0-5 A, the amount predicted by Ohm’s law, for that would
mean increasing the current at an infinite rate, which would induce
an infinite voltage opposing it. So the current must rise gradually,
and at the exact moment of closing the circuit it is zero. There is
therefore no voltage drop across R, and the battery e.m.f. is opposed
solely by the inductive e.m.f., which must be 100 V (Fig. 4.94). That
enables us to work out the rate at which the current will grow.
If L were 1 H, it would have to grow at 100 A per sec to induce
100 V. Asit is only 0-2 H it must grow at 500 A per sec.

In the graph (Fig. 4.9b) corresponding to Fig. 3.6b for the capaci-
tive circuit, the dotted line represents a steady current growth of
500 A per sec. If it kept this up, it would reach the full 0-5 A in
0-001 sec. But directly the current starts to flow it causes a voltage
drop across R. And as the applied voltage remains 100, the in-
duced voltage must diminish. The only way this can happen is for
the current to grow less rapidly. By the time it has reached 0-25 A
there are 50 V across R, therefore only 50 across L, so the current
must be growing at half the rate. The full line shows how it 8rows;
here is another exponential curve and, as in the capacitive circuit,
it theoretically never quite finishes. In the time that the current
would take to reach its full Ohm’s law value if it kept up its starting
pace, it actually reaches 63-2% of it. This time is, as before,
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called the time constant of the circuit. A little elementary algebra
based on the foregoing shows it to be L/R seconds.

The voltage across L is also shown. Compared with Fig. 3.6,
current and voltage have changed places. The voltage across R is
of course proportional to the current and therefore its curve is the
same shape as Fig. 4.95. Added to the upper, it must equal 100 V
as long as that is the voltage applied.

When the current has reached practically its full value, we flick
the switch instantaneously across to B. The low resistance across
the contacts is merely to prevent the circuit from being completely
interrupted in this process. At the moment the switch is operated,
the magnetic field is still in existence. It can only cease when the
current stops, and the moment it begins to do so an e.m.f. 1s induced
which tends to keep it going. At first the full 0-5 A is going, which
requires 100 V to drive it through R; and as the battery is no
longer in circuit this voltage must come from L, by the current
falling at the required rate: 500 A per scc. As the current wanes,
so does the voltage across R, and so must the induced voltage, and
therefore the current dies away more slowly, as shown in the con-
tinuation of Fig. 4.9. In L/R (= 0-001) secs it has been reduced
by the inevitable 63-29,.
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Fig. 4.9—Curves showing the current and voltage in the circuit of Fig. 4.8 when
the switch is moved first to A and tben to B
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POWER DURING GROWTH

In reckoning how the power in the circuit varies during these
operations, we note firstly that the input from the battery (calculated
by multiplying the current at each instant by its 100 V) instead of
starting off at 50 W and then tailing off almost to nothing, as in the
capacitive example, starts at nothing and works up to nearly 50 W.
If there had been no Cin Fig. 3.5 there would have been no flow of
power at any time; the effect of C was to make possible a tem-
porary flow, during which half the encrgy was dissipated in R and
half storedin C. 1n Fig. 4.8, on the other hand, absence of  would
have meant power going into R at the full 50-watt rate all the time;
the effect of L was to withhold part of that expenditure from R fora
short time. Not all this energy withheld was a sheer saving to the
battery, represented by the temporarily sub-normal current; part of
it—actually a half—went into L, for the current had to be forced
into motion through it against the voltage induced by the growing
magnetic field. The energy was in fact stored in the field, in a
similar way to the storage of mechanical energy when force is
applied to set a heavy vehicle in motion.

Just as the vehicle gives up its stored energy when it is brought
to a standstill, the result being the heating of the brakes, so the
magnetic field in L gave up its energy when the current was brought
to a standstill, the result being the heating of R.

MORE COMPARISON AND CONTRAST

In the previous chapter we saw that in addition to the conducted
currents, reckoned by dividing voltage by resistance, there is an
extra current whenever the voltage is varying. This current is
made up of movements of charges caused by the electric field adjust-
ing itself to the new voltage. 1t is proportional not only to the rate
at which the voltage is changing but also to the capacitance (inten-
tional or otherwisc) of the part of the circuit considered. In this
chapter we have seen that in addition to the resistive voltage,
reckoned by multiplying current by resistance, there is an extra
voltage whenever the current is varying. This voltage is caused by
the magnetic field adjusting itself to the new current. It js pro-
portional not only to the rate at which the current is changing but
also to the inductance (intentional or otherwise) of the part of
circuit considered.

MUTUAL INDUCTANCE

It a coil with the same number of turns as that in Fig. 4.8 were
wound so closely around it that practically all the magnetic flux
due to the original primary winding embraced also this secondary
winding, then an equal voltage would at all times be induced in the
secondary. Generally it is impracticable to wind so closely that the
whole flux links or couples with both coils, and the secondary
voltage is less, according to the looseness of magnetic coupling.
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But by giving the secondary more furns than the primary, it is
possible to obtain a greater voltage in the secondary than in the
primary. Remember that this voltage depends on the varying of the
primary current. A device of this kind, for stepping voltages
up or down, or for inducing voltages into circuits without any direct
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g ! Fig. 4.10—How a transformer is
represenfed in circuit diagrams
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connection, is named (rather inappropriately) a transformer. It is

represented in circuit diagrams by two or more coils drawn closely

together. An iron core is shown by one or more straight lines
. drawn between them (Fig. 4.10).

The effect that one coil can exert, through its magnetic field, on
another, is called mutual inductancz (symbol : M), and like self-
inductance is measured in henries. The definition is similar too:
the mutual inductance in henries between two coils is equal to the
number of volts induced in one of them when the current in the other
is changing at the rate of I A per second.

Transformers are an immensely useful application of the inductive
effect, and in fact are the main reason why alternating current (a.c.)
has almost superseded direct current (d.c.) for electricity supply.
So we shall now proceed to study a.c.
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CHAPTER 5

Alternating Currents

FREQUENCIES OF ALTERNATING CURRENT

IN OUR FIRST chapter we saw that speaking and music are conveyed
from one person to another by sound waves, which consist of rapid
vibrations or alternations of air pressure. And that to transmit
them over longer distances by telephone it is necessary for electric
currents to copy these alternations. And further, that for trans-
mitting them across space, by wireless, it is necessary to use electric
currents alternating still more rapidly. We have now just noted
the fact that the great advantage of being able to step voltages up
and down as required is obtainable only when the electricity supply
is continually varying, which is most conveniently done by arranging
for it to be alternating. Public electricity supplies which light and
heat our houses and provide the power that works our wireless sets
(instead of the more expensive and troublesome batteries) are
therefore mostly of the alternating-current kind.

The only essential difference between all these alternating currents
is the number of double-reversals they make per second; in a word,
the frequency. We have already gone fairly fully into the matter
of frequency (p. 18), so there is no need to repeat it; but it may be
worth recalling the main divisions of frequency.

There is no hard-and-fast dividing line between one lot of fre-
quencics and another; but those below 100 cycles per second are
used for power (the standard in Britain is 50 c/s); those between
about 20 and 20,000 c/s are audible, and therefore are classed as
audio frequencies (a.f.); while those above about 15,000 are more or
less suitable for carrying signals across space, and are known as radio
frequencies (r.f.). Certain of these, such as 525,000 to 1,605,000,
are allocated for broadcasting.

The useful band of r.f. is subdivided as shown in the table below.

| Abbrevi-

Class ‘ ation ‘ Frequencies Wavelengths
Very low | v.lf. Below 30 ke/s | Above 10,000 metres
Low i Lf. 30-300 kc/s 1,000-10,000 metres
Medium m.f. 300-3,000 kc/s 100--1,000 metres
High h.f. 3-30 Mc/s 10-100 metres
Very high v.h.f. 1 30-300 Mc/s 1-10 metres
Ultra high l u.h.f. | 300--3,000 Mc/s 10-100 cm
Super high | s.h.f. | 3,000-30,000 Mc/s | 1-10 cm
Extremely ; c.h.f. | Above 30,000 Mc/s | Below 1 ¢cm

hlgh i I
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All those above about 1,000 Mc/s (wavelengths shorter than
about 1 ft.) are often lumped together as microwave frequencies.

What has been said about currents applies to voltages, too;
it requires an alternating voltage to drive an aliernating current,

The last two chapters have shown that when currents and voltages
are varying there are two circuit effects—capacitance and inductance
—that have to be taken into account as well as resistance. We
shall therefore be quite right in expecting a.c. circuits to be a good
deal more complicated and interesting than d.c. Before going on
to consider these circuit effects there are one or two things to clear
up about a.c. itself.

THE SINE WAVE

It is easy to see that an alternating current might reverse abruptly
or it might do so gradually and smoothly. In Fig. 3.6a we have an
example of abrupt reversal. There is, in fact, an endless variety of
ways in which current or voltage can vary with time, and when
graphs are drawn showing how they do so we get a corresponding
variety of wave shapes. The steepness of the wave at any point
along the time scale shows the rapidity with which the current is
changing at that time.

Fortunately for the study of alternating currents, all wave shapes,
however complicated, can be regarded as built up of waves of one
fundamental shape, called the sine wave (adjective: sinusoidal).
Fig. 1.2cis an cxample of this. Note the smooth, regular alternations
of the component sine waves, like the swinging of a pendulum.
Waves of even such a spiky appearance as those in Fig. 3.6 can be
analysed into a number of sine waves of different frequencies.

Most circuits used in wireless and other communications consist
basically of sources of alternating e.m.f. (hereinafter called
generators) connected to combinations of resistance, inductance
and/or capacitance (olten called loads). With practice one can
reduce even very complicated-looking circuits to standard generator-
and-load combinations.

We have just seen that although there is no end to the variety of
waveforms that generators can produce, they are all combinations of
simple sine waves. So it is enough to consider the sine-wave
generator. Sources of more complicated waveforms can be imitated
by combinations of sine-wave generators. Theoretically this dodge
is always available, but in practice (as, for example, with square
waves) there are sometimes easier alternatives. Unless the contrary
is stated, it is to be assumed from now on that a generator means a
sine-wave generator.

CIrRCUIT WITH RESISTANCE ONLY

The simplest kind of a.c. circuit is the one that can be represented
as a generator supplying current to a purely resistive load (Fig. 5.1).
We have already found (p. 34) how to calculate the current any
given e.m.f. will drive through a resistance. Applying this method
to an alternating e.m.f. involves nothing new. Suppose, for
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example, that the voltage at the crest of each wave is 200, and that
its frequency is 50 ¢/s. Fig. 5.2 shows a graph of this e.m.f. during
rather more than one cycle. And suppose that R is 200 Q. Then

Fig. 5.1 —Circuit consisting of an a.c. gene-
G R rator (G) feeding a purely resistive load (R)

we can calculate the current at any point in the cycle by dividing
the voltage at that point by 200, in accordance with Ohm’s law.
At the crest it is, of course, 200/200 == 1 A; half-way up the wave it
is 0-5 A. Plotting a number of such points we get the current
wave, shown dotted. It is identical in shape, though different in
vertical scale.

R.M.S. VALUES

How is an electricity supply that behaves in this fashion to be
rated? Can one fairly describe it as a 200-volt supply, seeing that
the actual voltage is changing all the time and is sometimes zero?
Or should one take the average voltage ?

The answer that has been agreed upon is based on comparison
with d.c. supplies. It is obviously very convenient for a lamp or
fire intended for a 200-V d.c. system to be equally suited to a.c.
mains of the same nominal voltage. This condition will be fulfilled
if the average power taken by the lamp or fire is the same with both
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Fig. 5.2-Time graphs of e.nu.f., current and power in the circuit Fig. 5.1
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types of supply, for then the filament will reach the same temperature
and the light or heat will be the same in both cases.

We know (p. 47) that the power in watts is equal to the voltage
multiplied by the amperage. Performing this calculation for a
sufficient number of points in the alternating cycle in Fig. 5.2, we
get a curve showing how the power varies. To avoid confusion it
has been drawn below the E and I curves. A significant feature of
this power curve is that although during half of every cycle the
voltage and current are negative, their negative half-cycles always
exactly coincide, so that even during these half-cycles the power is
(by the ordinary rules of arithmetic) positive. This mathematical
convention agrees with and represents the physical fact that although
both current and voltage reverse their direction the flow of power is
always in the same direction, namely, out of the generator (p. 47).

Another thing one can see by looking at the power curve is that its
average height is half the height of the crests—which, incidentally,
occur 100 times per second when the frequency of the voltage and
current are 50 ¢/s. The crest height is 200 > 1 = 200 W; so the
average power must be 100 W. The next step is to find what
direct voltage would be needed to dissipate 100 W in 200 Q; the
answer is on p. 47: P = E?/R, from which E2? = PR, which
in this case is 100 x 200 = 20,000. So E = 4/20,000 = 141
approximately.

Judged on the basis of equal power, then, an a.c. supply with a
maximum voltage of 200 is equivalent to a d.c. supply at 141 V.

Generalizing this calculation, we find that when an alternating
voltage is adjusted to deliver the same power to a given resistance
as a direct voltage, its crest voltage—called its peak value—is 4/2
times the direct voltage, or about 1-414 times as great. Put the
other way round, its nominal or equivalent or effective voltage—
called its r.m.s. (root-mean-square) value—is 1/4/2 or about
0-707 times its peak value. Since the resistance is the same in
both cases, the same ratio exists between r.m.s. and peak values of
the current.  What is called a 230 V a.c. supply therefore alternates
between + and — 4/2 X 230 = 325 V peak.

The r.m.s. value is not the same as the average voltage or current
(which is actually 0-637 times the peak value). 1f you have followed
the argument carefully you will see that this is because we have been
comparing the a.c. and d.c. on a power basis, and power is propor-
tional to voltage or current squared.

It is important to remember that the figures given above apply
only to the sine waveform. With a square wave, for example, it is
obvious that peak, r.m.s., and average (or mean) values are all
the same.

There is one other recognized  value”—the instantaneous
value, changing all the time in an a.c. system. It is the quantity
graphed in Fig. 5.2.

As regards symbols, plain capital letters such as E, V and I are
generally understood to mean r.m.s. values unless the contrary is
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obvious. Instantaneous values. when it is necessary to distinguish
them, are denoted by small letters, such as i; peak values by /pax;
and average values by /...

Using r.m.s. values for voltage and current we can forget the
rapid variations in instantaneous voltage, and, so long as our circuits
are purely resistive, carry out all a.c. calculations according to the
rules discussed in Chapter 2.

A.C. METERS

If alternating current is passed through a moving-coil meter
(p. 61) the coil is pushed first one way and then the other, because
the current is reversing in a steady magnetic field. The most one
is likely to see is a slight vibration about the zero mark. Certainly
it will not indicate anything like the r.m.s. value of the current.

If, however, the direction of magnetic field is reversed at the
same times as the current, the double reversal makes the force act
in the same direction as before, and the series of pushes will cause
the pointer to take up a position that will indicate the value of
current. The obvious way to obtain this reversing magnetic field
is to replace the permanent magnet by a coil and pass through it
the current being measured. When the current is small, the field
also is very weak, and the deflection too small to be read; so this
principle is seldom used, except in wattmeters, in which the main
current is passed through one coil, and the other—the volr coil—
is connected across the supply.

A more usual type is that in which there is only one coil, which
is fixed. Inside are two pieces of iron, one fixed and the other free
to move against a hairspring. When either d.c. or a.c. is passed
through the coil, both irons are magnetized with the same polarity,
and so repel one another, to a distance depending on the strength of
current. These moving-iron meters are useful when there is plenty
of power to spare in the circuit for working them, but they tend to
use up too much in low-power circuits.

Another method is to make use of the heating effect of the current.
When a junction of two different metals is heated, a small uni-
directional e.m.f. is generated, which can be measured by a moving
coil meter. Instruments of this kind, called thermojunction or
thermocouple types, if calibrated on d.c. will obviously read r.m.s.
values of a.c. regardless of waveform. They are particularly useful
for much higher frequencies than can be measured with instruments
in which the current to be measured has to pass through a coil.

The electrostatic instrument (p. 45) can be used for alternating
voltages and responds to r.m.s. values.

But perhaps the most popular method of all is to convert the
alternating current into direct by means of a recrifier—a device
that allows current to pass through it in one direction only—so
that it can be measured with an ordinary moving-coil meter. The
great advantage of this is that by adding a rectifier a multi-range
d.c. instrument can be used on a.c. too. Most of the general-
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purpose test meters used in radio are of this kind. Because the
moving-coil instrument measures the average current, which in
general is not the same as the r.m.s. current, the instrument is so
arranged as to take account of the factor necessary to convert
one to the other. This, as we have seen, is approximately
0-707/0-638 (= 1-11) for sine waves. It is different for most other
waveforms, so the rectifier type of meter reads them incorrectly.

PHASE

Looking again at the current graph in Fig. 5.2 we see that it not
only has the same shape as the e.m.f. that causes it but it is also
exactly in step with it. Consideration of Ohm’s law proves that
this must be so in any purely resistive circuit. The technical word
for being in step is being in phase. The idea of phase is very
important, so we had better make sure we understand it.

Suppose we have two alternating generators, A and B. The
exact voltages they give will not matter, but to make it easier to
distinguish their graphs we shall suppose A gives about double the
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Fig.5.3—The time lag between the start of
A and the start of B is the same in a
\ {B\ /\ and b, but in a the two voltages are
(b quarter of a cycle out of phase and in b
V are in phase. Time is therefore not the
I L U V basic measure of phase
[

voltage of B. If we start drawing the voltage graph of A just as
it begins a cycle the result will be something like waveform A in
Fig. 5.3a. Next, consider generator B, which has the same frequency,
but is out of step with A. It starts each of its cycles, say, quarter
of a cycle later than A, as shown by waveform B. This fact is
expressed by saying that voltage B lags voltage A by a phase
difference of quarter of a cycle. Seeing that it is a time graph, it
might seem more natural to say that B lagged A by a phase difference
of 0-005 sec. The incorrectness of doing so is shown in Fig. 5.35,
where the frequency of A and B is four times as great. The time
lag is the same as before, but the two voltages are now in phase. So
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although phase is usually very closely related to time, it is not
advisable to think of it as time. The proper basis of reckoning
phase is in fractions of a cycle.

VECTOR DIAGRAMS

The main advantage of a time graph of alternating voltage,
current, etc., is that it shows the waveform. But on those very
many occasions when the form of the wave is not in question
(because we have agreed to stick to sine waves) it is a great waste
of effort to draw a number of beautifully exact waves merely in
order to show the relative phascs. Having examined Figs. 1.2, 5.2
and 5.3, we ought by now to be able to take the sine waveform for
granted, and be prepared to accept a simpler method of indicating
phases.

In Fig. 5.4, imagine the line OP to be pivoted at O and to be
capable of rotating steadily in the direction shown (anticlockwise).
(The arrowhead at P is there to show which end of OP is moving,

P
\\ :
G- —> P H
Fig. 5.4—Starting position of an 4 Qe
alternative method of representing Fig. 5.5§—The Fig. 5.4 vector after
sinusoidal variation having turned through an angle, ¢

not the direction in which P is moving.) Then the height of the
end P above a horizontal line through O varies in exactly the sare
way as a sine wave. Assuming OP starts, as shown in Fig. 5.4, at
3 o’clock ”, P is actually on the horizontal line, so its height above
it is, of course, nil. That represents the starting point of a sine-
wave cycle. As OP rotates, its height above the line increases at first
rapidly and then more slowly, until, after a quarter of a revolution,
it is at right angles to its original position. That represents the first
quarter of a sine-wave cycle. During the third and fourth quarter
of the revolution, the height of P is negative, corresponding to the
same quarters of a cycle.

Readers with any knowledge of trigonometry will know that
the ratio of the height of P to its distance from O (i.e., PQ/PO) is
called the sine of the angle that OP has turned through (Fig. 5.5);
hence the name given to the waveform we have been considering and
which is none other than a time graph of the sine of the angle ¢
(abbreviated “ sin #”’) when 6 (pronounced “ theta ) is increasing
at a steady rate.

We now have a much more easily drawn diagram for representing
sine waves. The length of a line such as OP represents the peak
value of the voltage, etc., and the angle it makes with the * 3 o’clock *’
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position represents its phase. The line itself is called a vector. The
angle it turns through in one whole revolution (which, of course,
brings it to the same position as at the start) is 360°, and that
corresponds to one whole cycle of the voltage. So a common way
of specifying a phase is in angular degrees. Quarter of a cycle
is 90°, and so on. Usually even a waveform diagram such as
Fig. 5.3 is marked in degrees.

Besides the common angular measure, in which one whole revolu-
tion is divided into 360 degrees, there is the mathematical angular
measure in which it is divided into 2= radians. Seeing that = is a
very odd number (p. 2) this may seem an extremely odd way of
doing things. It arises because during one revolution P travels

@ » A
»A
/ :
90° i
ic
B
B Fig. 5.7—OC is the vector
Fig. 5.6—Vector diagram representing the resultant of
corresponding to Fig. 5.3a A and

27 times its distance from O. Even this may not seem a good
enough reason, but the significance of it will appear very soon in
the next chapter.

As an example of a vector diagram, Fig. 5.6 is the equivalent of
Fig. 5.3a. In the position shown it is equivalent to it at the begin-
ning or end of each cycle of A, but since both vectors rotate at the
same rate the 90° phase difference shown by it between A and B is the
same at any stage of any cycle. If the voltages represented had
different frequencies, their vectors would rotate at different speeds,
so the phase difference between them would be continually changing.

ADDING ALTERNATING VOLTAGES

A great advantage of the vector diagram is the way it simplifies
adding and subtracting alternating voltages or currents that are not
in phase. To add voltages A and B in Fig. 5.3a, for example, one
would have to add the heights of the A and B waves at close intervals
of time and plot them as a third wave. This would be a very
laborious way of finding how the peak value and phase of the
combined voltage (or resultant, as it is called) compared with those
of its component voltages. In the vector diagram it is quickly done
by dotting in from A a line equal in length and direction to OB
(Fig. 5.7), to arrive at point C. Then OC is the vector representing
voltage A plus voltage B. Alternatively, a line can be drawn from
B equal to OA. Note that the result of adding two voltages that
are not in phase is less than the result of adding them by ordinary
arithmetic, and its phase is somewhere between those of the
components. Since it is representable by a vector, it is sinusoidal,
like its components.
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If you mean to study a.c. seriously you should read a good
elementary book on vectors and also learn the corresponding
algebraical method of calculation, using the symbol j to distinguish
vertical from horizontal distances.*

DIRECTION SIGNS

Fig. 5.8a shows a simple resistive circuit at the instant when the
alternating e.m.f. is at its maximum positive clockwise, as indicated
by the + and — sign at the generator and the E vector in Fig. 5.8b.
We know that at this precise moment the current is also at its
positive maximum (p. 73). But in which direction? The generally
agreed convention (p. 47) is that it is regarded as flowing through a
resistance from 4 to —; that is, in the direction indicated by the
arrow in Fig. 5.8a4. This, of course, is the same as the direction in

7 £
— 1 V4
+
oy Fig. 5.8—(a) A.c. circuit at the instant
when the e.n.f. is at its positive maxi-
E Vv 2R ® mum, and (b) the corresponding
- vector diagram
(a (b YW=IR

which the e.m.f. Eis regarded as driving it, so we can draw a current
vector / in phase with E in Fig. 5.8b. As we may be drawing more
complicated vector diagrams before long, it will be a convenient
convention to distinguish current vectors by blacked-in arrow heads.

The p.d. across the resistance is equal to that across the generator
terminals, but its direction is anticlockwise. We can therefore draw
a p.d. vector V, equal and opposite to E. This is merely the
vectorial way of expressing the Kirchhoff law we studied in connec-
tion with d.c. circuits (p. 41), by which the sum of all the voltages
completely round a circuit must be equal to zero.

If there were several resistances in the circuit, each would have
across it an alternating p.d. which could be represented by its own
vector; and these separate vectors, all in the same direction, would
add up to one p.d. equal and opposite to the e.m.f.

In general, it is of no importance which particular instant in the
alternating cycle one sclects for drawing a vector diagram. The
relative positions of the vectors, which are what matters, are the same
throughout. (It is, in fact, more usual for the * reference ” vector—
the first one drawn—to be placed so that it points at the conventional
zero angle, “ 3 o’clock ”.)

That being so, it might be supposed that the direction and polarity
markings in Fig. 5.8q are unnecessary—and indeed meaningless,

* For example, Basic Mathematics for Radio and Electronics, by F. M. Colebrook
and J. W. Head. Published for Wireless World by lliffe & Sons, Ltd., 17s. 6d.
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seeing that the direction is continually reversing. And certainly
many circuit diagrams for which vector diagrams are drawn are
devoid of such markings. But the reason for the omission is not
that they are inappropriate to a.c. circuits, but because the drawer
of the diagrams assumes that everyone would choose the same
relative directions as he.

It is likewise sometimes assumed that cveryonc invited to a social
event will know what type of dress will be worn; but just as absence
of precisc instructions on this point sometimes leads to embarrass-
ment, so with diagrams. It is better to include direction markings,
even when they might scem unnecessary, than to leave room for
wrong guesses. Even in such a simple circuit as Fig. 5.8a the correct-
ness of the vector diagram b depends on the direction of I being as
shown at a, which in turn depends on a mere optional custom—the
custom of preferring directions that lead to positive values.

To understand what this means, suppose the / arrow had been
drawn pointing the other way. This would have been inconvenicnt,
and almost certainly confusing for beginners, but it would not
necessarily have been wrong. It would have been inconvenient,
because it would have meant that whenever £ was positive in the
direction marked, / would have been negative. It would not have
been wrong, because a negative current flowing one way is exactly
the same thing as a positive current flowing the other way. Because
this choice of direction for the / arrow in a would imply negative
values relative to E, the /7 vector in b would have had to be drawn in
the reverse direction. This is the important point: that the correct
directions of the vectors depend entirely on the relative dircctions
assumed in the circuit. Note, relative directions. Reversing a//
the directions (which is what happens when the current alternates!)
makes no difference.

In Fig. 5.8 it is pretty obvious which is the more convenient choice
of the two, but in more complicated circuits it may not be at all
obvious at the start which choice is going to give positive values.
Moreover, we shall soon be learning that during the positive half-
cycle of e.m.f. it is the exception rather than the rule for the current
to be cither positive or negative all that time. And even when it is,
there might be several e.m.fs in opposing directions—or several
branch currents. So although in a circuit with only one e.m.f. and
current it is the custom to assume the same direction for both, it is not
safe to leave out the signs in more complicated circuits. So long
as circuit and vector diagrams agree, there is r.o question of right or
wrong; we can choose any direction we like, so long as we make our
choice clear.
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CHAPTER 6

Capacitance in A.C. Circuits

CURRENT FLOW IN A CAPACITIVE CIRCUIT

THE NEXT TYPE of basic circuit to consider is the one shown in
Fig. 6.1. If the generator gave an unvarying e.m.f. no current
could flow, because there is a complete break in the circuit. The
most that could happen would be a momentary current when
switching on, as shown in Fig. 3.6.

Some idea of what is likely to happen when an alternating e.m.f.
is applied can be obtained by an experiment similar to Fig. 3.5 but
with an inverted battery in the B path, as shown in Fig. 6.2a. Mov-

[
A 1 Fig. 6.1—Circuit consisting of an a.c.
£ C generator with a purely capacitive load
| ]-

ing the switch alternately to A and B at equal time intervals will then
provide an alternating voltage of square waveform (Fig. 6.2b).

Whenever the switch is moved to A there is a momentary charging
current in one direction, and moving it to B causes a similar current
in the reverse direction.

We know that for a given voltage the quantity of electricity
transferred at each movement of the switch is proportional to the
capacitance (p. 50). And it is obvious that the more rapidly the
switch is moved to and fro (that is to say, the higher the frequency of
the alternating e.m.f.) the more often this quantity of electricity will
surge to and fro in the circuit (that is to say, the greater the quantity
of electricity that will move in the circuit per second, or, in other
words, the greater the current).

+ f'o_e’—l—_f_} WC +£}

VOLTS
[}

T_T |
@ )

Fig. 6.2—If the generator in Fig. 6.1 consisted of the periodically

switched batteries as shown at a, the waveform would be as

at b, and the current (assuming a certain amount of resistance)
could be calculated as discussed in connection with Fig. 3.6
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Thus, although the circuit has no conductance, so that no con-
tinuous d.c. can flow, an alternating e.m.f. causes an alternating
current, flowing not through but in and out of the capacitor. And
the amount of current due to a given voltage will depend on two
things—the capacitance and the frequency. The greater they are,
the greater the current.

The truth of the first statement—that an alternating e.m.f. causes
a current to flow in a circuit blocked to d.c. by a capacitance in

Fig. 6.3—Demonstration of current without conduction M:'I%s
3)
LAMP

series—can easily be demonstrated by bridging the open contacts
of an electric light switch by a capacitor; say 2 uF fora 40 W lamp
(Fig. 6.3). The lamp will light and stay alight as long as the capacitor
is connected. But its brilliance will be below normal.

CaraciTiVE CURRENT WAVEFORM

Let us now consider the action of Fig. 6.1 in greater detail, by
drawing the graph of instantaneous e.m.f. (Fig. 6.4) exactly as for
the resistive circuit, in which we assumed a sine waveform. But
unlike the resistive case there is no Ohm’s law to guide us in
plotting the current waveform. We have, however, a rather similar
relationship (p. 50):

V= Q|C

where V is the p.d. across C and Q is the charge in C. This is true
at every instant, so we can rewrite it v = ¢/C, to show that we mean
instantaneous values. In Fig. 6.1, v is always equal in magnitude to
e, the instantaneous e.m.f. 3o we can say with confidence that at
the moments when e is zero the capacitor is completely uncharged,
ard at all other moments the charge is exactly proportional to e.
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50 05
(o] o}

-50 -05

-100 -1

=150 -1'5

-200 -2

Fig. 6.4—E.m.f. and current diagram for Fig. 6.1, drawn to ccrrespond
with Fig. 5.2
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If we knew the right scale, the voltage wave in Fig. 6.4 would do also
as a charge curve. But we are not so much interested in the charge
as i the current; that is to say, the rate at which charging takes
place. At points marked a, although the voltage and charge arce
zero they are growing faster than at any other stage in the cycle.
So we may expect the current to be greater than at any other times.
At points marked b, the charge is decreasing as fast as it was growing
at a, so the current is the same in magnitude but opposite in direction
and sign. At points marked ¢, the charge reaches its maximum,
but just for an instant it is neither growing nor waning; its rate of
increase or decrease is zero, so at that instant the current must be
zero. Atintermediate points the relative strength of current can be
estimated from the steepness of the voltage (and charge) curve.
Joining up all the points gives a current curve shaped like the dotted
line.

If this job is done carefully it is clear that the shape of the current
curve is also sinusoidal, as in the resistive circuit, but out of phase,
being quarter of a cycle (or 90°) ahead of the voltage.

On seeing this, students are sometimes puzzled and ask how the
current can be ahead of the voltage. “ How does the current
know what the voltage is going to be, quarter of a cycle later?”
This difficulty arises only when it supposed, quite wrongly, that the
current maximum at g is caused by the voltage maximum quarter
of a cycle later, at ¢; whereas it is actually caused by the fact that
at a the voltage is increasing at its maximum rate.

THE ““OHM’s LAW >’ FOR CAPACITANCE

What we want to know is how to foretell the actual magnitude of
the current, given the necessary circuit data. Since, as we know
(p- 50), 1 volt established between the terminals of a 1-farad
capacitor causes a charge of 1 coulomb to enter it, we can see that
if the voltage were increasing at the rate of 1 volt per second the
charge would be increasing at 1 coulomb per second. But we also
know that 1 coulomb per second is a current of 1 amp; so we can
express our basic relationship, Q = VC, in the form

Amps = Volts-per-second x Farads.

The problem is how to calculate the volts-per-second in an alter-
nating e.m.f., especially as it is varying all the time.  All we need do,
however, is find it at the point in the cycle where it is greatest—at a
in Fig. 6.4. That will give the pcak value of current, from which all
its other values follow (p. 73).

Going back to Fig. 5.5, you may remember that one revolution
of P about O represents one cycle of alternating voltage, the fixed
length OP represents the peak value of the voltage, and the length
of PQ (which, of course, is varying all the time) represents the
instantaneous voltage. When P is on the starting line, as in
Fig. 5.4, the length of PQ is zero, but at that moment it is increasing
at the rate at which P is revolving around O. Now the distance
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travelled by P during one cycle is 27 times the length of OP. And
if the frequency is 50 c/s, it does this distar.ce 50 times per second.
Its rate is therefore 2= x 50 times OF. More generally, if f stands
for the frequency in cycles per second, the rate at which P moves
round O is 2#f times OP. And as GP represents £z, We can say

Fig. 6.5—From this diagram it can OFLERNAGl)lel}S

be inferred that the maximum
rate at which E increases is
2nf E... volts per second

REPRESENTS

that P’s motion represen:s 2nf Emax volts per second (Fig. 6.5).
But we have just seen that it also represents the maximum rate at
which PQ, the instantaneous voltage, is growing. So, fitting this
information into our equation, we have

]mnx = 277_'fEmnx C
where / is in amps, £ in volts, and C in farads. Since /max and

Eax are both 4/2 times / and E (the r.m.s. values) respectively, it
is equally true to say

1 =2nfEC
And if we rearrange it like this :
E_ 1
i 2arC

and then take another look at one of the forms of expressing
Ohm’s law:

E

- =R
we see they are the same except that 1/2#fC takes the place of R
in the role of limiting the current in the circuit. So, although
1/2afC is quite a different thing physically from resistance, for
purposes of calculation it is of the same kind, and it is convenient
to reckon it in ohms. To distinguish it from resistance it is named
reactance. To avoid having to repeat the rather cumbersome
expression 1/2nfC, the special symbol X has been allotted. The
“ Ohm’s law” for the Fig. 6.1 circuit can therefore be written
simply as

b 1;' R
] . orl.—X or E=1\

I
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For example, the reactance of a 2 uF capacitor to a 50 c/s supply
is 1/Q27 x 50 x 2 X 10-%) = 1,590 Q, and if the voltage across it
were 230 V the current would be 230/1590 = 0-145 A.

CAPACITANCES IN PARALLEL AND IN SERIES

The argument that led us to conclude that the capacitance between
parallel plates is proportional to the area across which they face one
another (p. 52) leads also to the conclusion that capacitances in
parallel add up just like resistances in series.

We can arrive at the same conclusion by simple algebraic reason-
ing based on the behaviour of capacitors to alternating voltage.
Fig. 6.6 represents an a.c. generator connected to two capacitors in
parallel. The separate currents in them are respectively E x 27/ C,

£ c c Fig. 6.6—1In this circuit the capacitance
1 2 of C, and Cytogether is equalto C, + C,

and E X 2afC,. The total current is thus E X 2#f(C, 4+ C5),
which is equal to the current that would be taken by a single
ca;()iacitance equal to the sum of the separate capacitances of C,
and C,.

We also saw (p. 52) that if a single capacitor is divided by a plate
placed midway between its two plates, the capacitance between the
middle plate and either of the others is twice that of the original

Cq Fig. 6.7 — I the one
_ capacitor C in b is to
E E C take the snme current as
the two in series at a,
C2 its capacitance must be
equal to 1/(}/C, + 1/C,)

(a) (b)

capacitor. In other words, the capacitance of two equal capacitors
in serics is half that of each of them. Let us now consider the more
general case of any two capacitances in series.

If X, and X, are respectively the reactances of €, and C, in
Fig. 6.7, their combined reactance X is (X; 4 X,), as in the case of
resistances in series. By first writing down the equation X = X, 4
Xs, and then replacing each X by its known value, of form 1/2=/C,
we deduce that
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That is, the sum of the reciprocals of the separate capacitances is
equal to the reciprocal of the total capacitance.

So the rule for capacitances in series is identical with that for
resistances or reactances in parallel. From the way it was derived
it is evidently not limited to two capacitances only, but can be
applied to any number. It implies that if capacitors are connected
in series, the capacitance of the combination is always less than that
of the smallest.

Applied to two capacitances only, the rule can, as with resistances
(p. 38), be put in the more easily workable form

GG
C=c +c,

PoweR IN A CAPACITIVE CIRCUIT

Fig. 6.4 was drawn to match Fig. 5.2 as regards peak voltage and
current. The only difference is the current’s 90° phase lead. Let
us now complete the picture by calculating the wattage at a sufficient
number of points to draw the power curve (Fig. 6.8). Owing to the
phase difference between £ and /, there are periods in the cycle when
they are of opposite sign, giving a negative power. In fact, the
power is alternately positive and negative, just like £ anc / except
for having twice the frequency. The net power, taken over a
whole cycle, is therefore zero. Since we are applying the sign *“ 4
to positive current going through the generator towards positive
potential, positive power means power going out of the generator,
and negative power is power returned to the generator by the load
(p-47).
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Fig. 6.8—The current and voltage graphs for a capacitence load (Fig. 6.4) are here
repeated, with a power graph derived from it plotted helow
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The power curve in Fig. 6.8 represents the fact that although a
pure capacitance draws current from an alternating generator it
does not permanently draw any power—it only borrows some
twice per cycle, repaying it with a promptitude that might be
commended to human borrowers.

A demonstration of this fact is given by the capacitor in series
with the lamp (Fig. 6.3). The lamp soon warms up, showing that
clectrical power is being dissipated in it, but although the capacitor is
carrying the same current it remains quite cold.

CAPACITANCE AND RESISTANCE IN SERIES

Fig. 6.9 is an cxample of the next type of circuit to be considered:
C and R in series. We know how to calculate the relationship
(magnitude and phase) between voltage and current for each of
these separately. When they are in series the same current will
flow through both, and this current cannot at one and the same time
be in phase with the generator voltage and 90° ahead of it. But it

| f Fig. 6.9—For finding the current, /,
__________ caused by E to flow in a circuit com-
ETC\) prising C and R in series, it is helpful
to split E up into the two parts needed
to drive / through C and R separately

is quite possible—and in fact essential—for it to be in phase with
the voltage across the resistance and 90° ahead of the voltage across
the capacitance. These two voltages, which must obviously be
90° out of phase with one another, must add up to equal the gener-
ator voltage. We have already added out-of-phase voltages by two
different methods (Fig. 5.3 and Fig. 5.7), so that part of it should not
be difficult. Because the current, and not the voltage, is common
to both circuit elements, it will be easier to reverse the procedure we
have adopted until now, and, starting with a current, find the e.m.f.
required to drive it. When we have in that way discovered the key
to this kind of circuit, we can easily use it to calculate the current
resulting from a given e.m.f.

For brevity, let E¢ and E, denote the e.m.fs needed for C and R
(Fig. 6.9). We could, of course, represent E¢ and E; by drawing
waveform graphs, and, by adding them, plot the graph of E, the
total generator e.m.f., and compare it for phase and magnitude
with the current graph. But seeing we have taken the trouble to
learn the much quicker vector method of arriving at the same
result, we might as well use it. (If you find the vector method
unconvincing, there is nothing to stop you drawing the waveforms.)

The first thing, then, is to draw a vector of any convenient length
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CAPACITANCE IN A.C. CIRCUITS

to represent the current, f (Fig. 6.10). Since we are concerned only
with relative phases, it can be drawn in any direction. The Er
vector must be drawn in the same dirsction, to represent the fact
that the current driven through a resistance is in phase with the

Fig. 6.10—Vector diagram relating to
Fig. 6.9. Ea is in phase with /, but E.
lags I by 90°. E is the vector sum
of Ex and E., and lags I by the angle ¢

e.m.f. Its length represents the voltage of the e.m.f. (=/R) to any
convenient scale. The length of the E¢ vector represents E¢
(=IX or I]2xfC) to the same scale, and since we know the current
is 90° ahead of it we must draw it 90° behind the current vector.
The vector representing E in magnitude and phase is then easily
found as explained in connection with Fig. 5.7.

IMPEDANCE

A new name is needed to refer to the currert-limiting properties
of this circuit as a whole. Resistance is appropriate to R and
reactance to C; a combination of them is called impedance
(symbol: Z). Resistance and reactance themselves are special
cases of impedance. So we have still another relationship in the
same form as Ohm’s law; one that covers the other two, namely:

J E
A

Although Z combines R and X, it is not true to say Z = R + X.
Suppose that in Fig. 6.9 C is the 2 uF capacitor which we have
already calculated has a reactance of 1,590 €2 at 50 c/s, and that
R is a round 1,000 €. [, shall we say, is 0-1 A. Then £ must
be 100 V and E¢ 159 V. If tke vector diagram is drawn accurately
to scale it will show E to be 183 V, so that Z must be 1,880 £, which
is much less than 1,590 + 1,000. 1t should be obvious from
Fig. 6.10 that the three voliage vectors could, by suitable choice of
scale, be used to represent the respective impedances. Then, since
these three vectors placed together make a right-angled triangle, the
celebrated Theorem of Pythagoras tells us that Z*=R2+4+X?3, or

Z = V(R®+ X?).
So we have the alternative of calculating Z by arithmetic instead of

drawing a vector diagram or a waveform diagram accurately to
scale. Since the voltages are proportional to the impedances,

E = \/(E;® + Ec?.
4 37
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The angle by which I leads E in Fig. 6.10 is marked 6, which is
the usual symbol for a phase difference. 1t is the Greek small letter
“phi”. (We have already used the capital, ®, to mean flux.)
The trigonometrists will see that tan ¢ = X/R.

Given the values of R and C, and the frequency, we now have
three alternative methods of finding their series impedance and the
phase difference between current and voltage; alsc, given either
current or voltage, of finding the other. Although the method of
adding out-of-phase voltages by drawing their waveforms takes
longest to do, it does perhaps bring out most clearly the reason why
the total voltage is less than the sum of the two separate voltages—
namely, that their peak values occur at different times.

From what has already been said about power in a.c. circuits it
should be clcar that in Fig. 6.9, for example, the wattage dissipated
is given by multiplying I by £ (not by E), so that only part of the
volt-amps supplied by the generator (£/) represents power
permanently delivered.

CAPACITANCE AND RESISTANCE IN PARALLEL

In solving this type of circuit, Fig. 6.11, wec revert to the practice
of starting with the voltage E, because that is common to both.
What we do, in fact, is exactly the same as for the series circuit
except that currents and voltages change places. We now have two

Fig. 6.11—The branch currents Fig. 6.12—Vector diagram relating
in this circuit, /x and /o, are 90° to Fig. 6.11
out of phase with one another

currents, /x and /., one in phase with £ and the other 90° ahead of
it; and by adopting the same methods we find that I=~/(124 [ ?).
Fig. 6.12 is a typical vector diagram, which should need no further
explanation.

Calculating the impedance is slightly more complicated, however,
because the currents are inversely proportional to the impedances
threugh which they flow. So 1/Z=+/(1/R*41/X2), or

a 1|
Z = e
1 |
’\/R2+X2
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CAPACITANCE IN A.C. CIRCUITS

which can be simplified to

Compare the formula for two resistances in parallel, p. 38.

It should be noted that this addition of squares applies only to
circuits in which the two currents or voltages are exactly 90° out of
phase, as when one element is a pure resistance and the other a pure
reactance. Combining series impedances which are themselves

' lo I lo

<

Fig. 6.13—Example of a complex R|§
R

{

circuit that can be reduced to

Fig. 6.11 by applying the rules for

resistances and capacitances in
series and in parallel

£
Gy |Cs
kAN

combinations of resistance and reactance in parallel, or vice versa,
is a rather more advanced problem than will be considered here.
Such a circuit as Fig. 6.13, however, can be tackled by rules already
given. R, and R, are reduced to a single equivalent resistance
(p. 44) which is then added to R,. C,, C, and C, are just added
together, and so are C, and C,; the two resulting capacitances in
series are reduced to one (p. 85). The circuit has now boiled
down to Fig. 6.11.
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CHAPTER 7

Inductance in A.C. Circuits

CURRENT Frow IN AN INDUcCTIVE CIRCUIT

ALTHOUGH THE PHENOMENON of magnetism, which gives rise to
inductance, differs in many ways from electrostatics, which gives
rise to capacitance, it is helpful to draw a very close parallel or
analogy between them. Inductance and capacitance are, in fact,
like opposite partners; and this chapter will in many ways be a
repetition of the last one, but with a few basic situations reversed.

We have already noticed some striking similarities, as well as
differences, between capacitance and inductance (p. 68). One
thing that could be seen by comparing them in Figs. 3.6 and 4.9
was an exchange of roles between voltage and current.

The simple experiment of Fig. 6.2 showed that, in a circuit con-
sisting of a square-wave alternating-voltage generator in series with
a capacitor, the current increased with frequency, beginning with
zero current at zero frequency. This was confirmed by examining
in more detail a circuit (Fig. 6.1) with a sine-wave generator, in
which the current was found to be exactly proportional to frequency.

Comparing Fig. 4.9 with Fig. 3.6, we can expect the opposite to
apply to inductance. At zero frequency it has no restrictive
influence on the current, which is limited only by the resistance of
the circuit. But when a high-frequency alternating e.m.f. is applied,
the current has very little time to grow (at a rate depending on the
inductance) before the second half-cycle is giving it the *“ about
turn . The gradualness with which the current rises, you will
remember, is due to the magnetic field created by the current, which
generates an e.m.f. opposing the e.m.f. that is driving the current.
It is rather like the gradualness with which a heavy truck gains speed
when you push it. If you shake it rapidly to and fro it will hardly
move at all.

INDUCTIVE CURRENT WAVEFORM

For finding exactly how much current a given alternating voltage
will drive through a given inductance (Fig. 7.1) we have the basic
relationship (p. 63):

Volts = Amps-per-second X Henries

It looks as if it is going to be difficult to find what we want directly
from this; so let us tackle it in reverse, beginning with a sinusoidal
current and seeing what voltage is required. The dotted curve in
Fig. 7.2 represents such a current during rather more than one cycle.
At the start of a cycle (a), the current is zero, but is increasing faster
than at any other phase. So the amps-per-second is at its maximum,
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INDUCTANCE IN A.C. CIRCUITS

and so therefore must be the voltage. After half a cycle (b) the cur-
rent is again zero and changing at the same rate, but this time it is
decreasing, so the voltage is a maximum negative. Halfway between
(¢) the current is at its maximum, but for an instant it is neither
increasing nor decreasing, so the voltage must be zero. And so on.

I

A Fig. 7.1—Circuit consisting of an a.c. generator with
£ l L a purely inductive load

Completing the voltage curve in the same way as we did the current
curve in Fig. 6.4, we find that it also is sinusoidal. This is very fortu-
nate, for it allows us to say that if the sinusoidal voltage represented
by this curve were applied to an inductance, the current curve
would represent the resulting current, which would be sinusoidal.

THE ‘““ OHM’s LAW >’ FOR INDUCTANCE

We have already found (p. 83) that when an alternating e.m.f. E,
of frequency f, is sinusoidal, its r.m.s. volts-per-second is 2nfE.
The same method applies equally to current, so the r.m.s. amps-per-
second is 2=f1. Fitting this fact into our basic principle we get

E = 2=nfIL
where L is the inductance in henries.
What we set out to find was the current due to a given e.m.f,, so
the appropriate form of the above equation is
E
I'= i
Again, this is in the same form as Ohm’s law, 2xfL taking the
place of R. This 2nfL can therefore also be reckoned in ohms,
and, like 1/2afC, it is called reactance and denoted by X. When-
ever it is necessary to distinguish between inductive reactance and

VOLTS AMPS

200 2 /:LX‘

150 15 —7E<.MF \ \..____

100 1 ‘\ -..‘ — 1 ’K A

50 056 = o e
o 0 sa Cc 132 c I c

- 50 05— —— et P A E s B
100 -1 [=="JCURRENT__{ \ /ﬂ}.-- _rﬁ |
-150 -1-5 — -t_ﬁ — 1
-200 -2 i_\ ] — l _]

Fig. 7.2—E.m.f. and current graphs for Fig. 7.1, drawn to correspond with
Figs. 5.2 and 6.4
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FOUNDATIONS OF WIRELESS

capacitive reactance they are denoted by X, and X, respectively.
X is the general symbol for reactance.

A question that may come to mind at this point is: can X
and X¢ in the same circuit be added in the same simple way as
resistances? The answer is so important that it will be reserved
for the next chapter.

Note in the meantime that X, is proportional to f, whereas
X¢ is proportional to 1/f; this expresses in exact terms what our
early experiments had led us to expect about the opposite ways in
which frequency affected the current due to a given voltage.

An example may help to clinch the matter. What is the reactance
of a 2 H inductor at 50 ¢/s? X = 2nfL = 27 X 50 % 2 = 628 Q.
So if the voltage is 230, the current will be 230/628 = 0-366 A.

The multiple of frequency, 2nf, occurs so often in electrical
calculations that it has been given a special symbol, the Greek
letter w (omega). (We have already met capital omega, Q, on
p- 32)

INDUCTANCES IN SERIES AND IN PARALLEL

The previous section has shown that the reactive impedance o
an inductance is directly proportional to the inductance—oppositely
to that of capacitance (which is proportional to 1/C), but exactly
like resistance. So inductances can be combined in the same way
as resistances. The total effect of two in series, L, and L,, is equal
to that of a single inductance equal to L, + L,. And inductances
in parallel follow the reciprocal law: 1/L = 1/L, + 1/L,, or

ey L1L2
L L v,
These principles can easily be verified by adding the reactances when
they are in series, and the currents when the inductances are in
parallel.

The above rules are subject to one important condition, however:
that the inductors are so placed that their mutual inductance (p. 68)
or magnetic coupling is negligible. If mutual inductance, M, does
exist between two coils having separate self-inductances L, and L,,
the total self-inductance of the two in series is L, + L, + 2M or
L, + L, — 2M, according to whether the coils are placed so that
their separate magnetic fields add to or subtract from one another.
The reason M is doubled is that each coil is affected by the other, so
in the combination the same effect occurs twice.

The corresponding elaboration of the formula for two inductances
in parallel gives the result

[ (L= M)(Ly = M)
L+ L,+2M
where “ 4+ signifies “ + or —”.
Complications arise also when the fields of two capacitors interact,

but with the usual forms of construction such interaction is seldom
enough to trouble about.
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INDUCTANCE IN A.C. CIRCUITS

PoweR IN AN INDUCTIVE CIRCUIT

Comparing Figs. 6.4 and 7.2 we see one difference. Whercas the
capacitive current leads its terminal voltage by quarter of a cycle
(90°), the inductive current lags by that amount. If you want
something to do you might care to calculate the instantaneous
powar at intervals throughout the cycle in Fig. 7.2 and draw a power
curve, as in Fig. 6.8. But the same result can be achieved with
less trouble simply by reversing the time scale in Fig. 6.8, making it
read from right to left. So except for relative phases the con-
cusions regarding power in a pure inductance are exactly the same
as for a capacitance—the net power taken over a whole cycle is zero,
because during half the time the generator is expending power in
building up a magnetic field, and during the other half the energy
thus built up is returning power to the generator. So in the example
we took, with 230 V passing 0-366 A through 2 H, 230 x 0-366
does not represent watts dissipated in the circuit (as it would with
resistance) but half that number of volt-amps tossed to and fro
between generator and inductor at the rate of 100 times a second.

If you try an experiment similar to Fig. 6.3, but using a coil of
several henries in place of the capacitor, you may find that it does
become perceptibly warm. This is because the coil is not purely
inductive. Whereas the resistance of the plates and connections

E~IR

Fig. 7.3—This circuit Fig. 7.4—Vector dia-
may be compared gram _relating to
with Fig. 6.9 Fig. 7.3

of a capacitor is usually negligible compared with its reactance,
the resistance of the wire in a coil is generally very appreciable.
Although the resistance and inductance of a coil can no more be
separate than the body and soul of a live person, it is allowable
to consider them theoretically as separate items in series with one
another (Fig. 7.3).

INDUCTANCE AND RESISTANCE IN SERIES
R in Fig. 7.3 represents the resistance of the inductor whose
inductance is represented by L, plus any other resistance there
may be in series. This circuit can be tackled in exactly the same
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manner as Fig. 6.9. Ey is the c.m.f. required to drive a sinusoidal
current / through L, and is exactly equal to the back e.m.f. generated
by the alternating magnetic flux linking the turns of the coil. Ep
is, as before, the e.m.f. required to drive the same current through R.
E; and £ must be 90° out of phase with one another., because

VA

—

Iy 7y

ET\- R gL

Fig. 7.5—As in Fig. 6.11, the

branch currents are 90° out of

phase with one another, the only

difference being that the re-

active current /. is 90° later
than /a

Fig. 7.6—Vector diagram relating to
Fig. 7.5

whereas / is in phase with E it lags 90° behind £;. So £ and Ex
cannot be added straightforwardly to give £, but by the same
method as we found for Fig. 6.9, namely E=+/(£g? + E:?). The
vector diagram is obviously the same except for the current lagging
EL instead of leading E¢; compare Fig. 7.4 with Fig. 6.10.

In the same way, too, the impedance of the circuit is Z —
V(R? + X3,

INDUCTANCE AND RBSISTANCE IN PARALLEL

This circuit, Fig. 7.5, corresponds with Fig. 6.11; and its imped-
ance is found in the same way, by combining the branch currents,
remembering that this time the reactive current /ags by 90°. The
vector diagram, Fig. 7.6, is therefore with this exception the same as
Fig. 6.12. So we have for the total current / = VU +1.%); and
as the impedances are inversely proportional to the currents,
1/Z = +/(1/R* 4 1/X?), giving as before

RX
7= VR e

These calculations give only the magnitudes of the impedances,
without regard for the amount of the phase angle ¢, or whether
it is leading or lagging. So for a complete specification of an
impedance it is necessary to add this information.

The more advanced books extend the methods and scope of
circuit calculation enormously; but before going on to them one
should have thoroughly grasped the contents of these last two
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chapters. Some of the most important results can be summarized
like this:

) Current
( Resistance, In phase
Impedance, R ohms .. C . :[.' .......... with e.m f.
Z ohm Capacitive,
¥ ( Reactance, ( Xe=12afC ...... Leads |
X ohms . . e.m.f.
Inductive, by 90°

(XL=2wa ...... Lags |

Impedance of | 17 SEFI€S Z =+ ([;: + X?)

R and X (in parallel Z = V(R + X?)

But the most important thing is not to memorize results but to
understand the methods used for obtaining them, so as to be able
to tackle new problems.

TRANSFORMERS

On p. 69 we had a brief introduction to the transformer,
which is an appliance very widely used for radio and electrical pur-
poses. The main features of its action can be grasped by con-
sidering the simple arrangement shown in Fig. 7.7a. Such com-
plications as resistance of the windings are conveniently assumed

R ER) 2nR
T >

b

ing current from the generator E and

Fig. 7.7—(a) Iron-cored transformer draw- ’ :;
delivering it, at a voltage equal to E/n, £ ) Pw}n
b=
|

to the load R. From the point of view of

the generator, diagram b represents an S | ]
equivalent circuit (assuming a perfect | S
trausformer) TURNS-RATIO N :1 &)
@

to be absent. An iron core is used, not only to increase the amount
of magnetic flux and hence the e.m.f. generated by a given current,
but also to ensure that practically all of it links both primary and
secondary windings (p. 64). It will be seen later that transformers
used for high-frequency a.c. often have no iron core, and only part of
the field due to one winding links with the other; in other words, the
coupling is loose. It is much simpler, to begin with, to assume that
the coupling is 100 9.

Firstly, consider what happens when the resistance R is uncon-
nected. There being no resistance in the primary circuit either,
the generator e.m.f. E is opposed solely by the back voltage caused
by the varying of the magnetic flux. The situation is exactly as
described with reference to Fig. 7.1—a purely inductive load. The
vector diagram is as Fig. 7.8a, where I, denotes the current.  As we
have seen (p. 93) it lags the applied voltage £ by 90" and sets up an
alternating magnetic flux @ in phase with itself. It is this flux that
induces the e.m.f. E, which, in order to prevert any further growth
of current, must automatically be equal and opposite to £. Provi-
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sion of the right amount of flux calls for a certain number of ampere-
turns; with an iron core that number is far smaller than it would be
without. If the number of turns is large the current is small. It
is called the magnetizing current.

How about the secondary coil? Because R is disconnected, the
circuit is broken and no current can flow; but, as we have assumed
that the whole of the sinusoidally varying magnetic flux associated
with the primary links with the secondary too, an e.m.f. is generated

Es N
EP T £
(a) /e
AND @ Fig. 7.8—Simplified vector diagrams
for a transformer; (@) unloaded, and
(b) loaded

(b) I T

in the secondary. The e.m.f. generated by a given change of flux
linked with a colil is proportional to the number of turns. Since the
e.m.f. generated in the primary is £,, and the secondary has one nth
as many turns, the secondary voltage Es = Ey/n = — E/n.

For example, suppose P is connected to a 200-V supply. The
magnetizing current rises until sufficient alternating magnetic flux
is developed to gencrate an opposing 200 V. Suppose 100 amp-
turns are needed to do this. Then if P has 2,000 turns, the magnetiz-
ing current is 100/2,000 = 0-05 A.  If the transformer were required
to supply current at the voltage for heating the valves in a radio
receiver, which is 6-3 V, then n would have to be 200/6-3 = 32, and
S would have 2,000/32 = 63 turns. In practice it is quite usual to
have several secondary windings delivering different voltages for
various purposes, all energized by a single primary.

THE PRIMARY LoAD CURRENT

Now suppose R to be connected, and its value to be 2:6 Q. The
secondary voltage, 6-3, causes a current of 6-3/2-6 = 2-4 A, which
thus introduces a magnetizing force of 2:4 X 63 = 151 amp-turns.
As the secondary current is flowing in a resistive circuit, it must be in
phase with the secondary e.m.f. E,, so at least as regards phase is
represented in Fig. 7.86 by fi. The original 100 amp-turns due to
Im are now augmented by 151 duc to /i, 90° out of phase. The total
is obviously wrong, both in magnitude and phase, for generating the
e.m.f. E, needed to balance £ exactly. The only thing that can
happen to end this impossible situation is for sufficient additional
current to flow in the primary to provide 151 amp-turns in exactly
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opposite phase to those due to the secondary, neutralizing them.
If you are guaranteed a net income of £100 a year, and your expenses
in a certain year are £151, the matter can only be put right by paying
an additional £151 into your account to neutralize the outgoings.

The extra primary current—in this case 151/2,000 = 0-0755 A—
is represented in Fig. 7.8b by /., exactly opposite in phase to f;, and
is called the load current, because it is the current needed to make good
the results of connecting the secondary load, R. Even if one did
not know how a transformer worked, one would expect it to be in
phase with E, for the secondary is delivering 6-:3 X 2-4 = 15-1 watts
of power, and this can only come from the supply connected to the
primary. 15:1 W at the supply voltage 200, is 15-1/200 = 0-0755 A,
which agrees with what we have already found in another way.

I, is the total primary current; in our example it would be
1/(0-05% + 0-07552) = 09 A.

TRANSFORMER LOSSES

In practice the magnetizing current is not quite wattless, because
it has to flow through the primary winding, which inevitably has
some resistance. Moreover, the alternating flux in the core generates
a certain amount of heat in it, which has to come from somewhere,
and in accordance with our wider definition of resistance (p. 48)
can be considered as equivalent to some extra resistance in the
primary. The primary resistance, augmented in this way, causes
I to lag E by less than 90°.

Nor is the power from the supply transferred to the load without
the transformer taking its rake-off. The primary and secondary
load currents have to contend with the resistance of the windings,
so there is bound to be some loss of voltage when R is connected.
The output wattage is therefore somewhat less than the input, the
difference being dissipated as heat in the transformer.

The foregoing example is typical of a small “ mains” trans-
former. Although the same principles apply, the emphasis is rather
different in a.f. and r.f. types, which will be considered later.

IMPEDANCE TRANSFORMATION

We already know that (neglecting the losses) the secondary
voltage given by a transformer with a n: 1 turns ratio is £/n.  You
will probably have realized by now that the secondary current is n
times the primary load current. For one thing, it must be so to
make the input and output wattages equal. For another, it must
be so to make the primary load current exactly neutralize the
secondary current by providing an equal number of amp-turns.

Now if the primary voltage (E) is n times as great as the secondary
voltage, and the primary load current is one-nth, connecting R to the
secondary draws the same load current from the supply as connecting
a resistance equal to n*R directly to the supply. So, except for
magnetizing current and losses, the transformer and its load R can
be replaced by a resistance n2R (Fig. 7.7b), without making any
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difference from the generator’s point of view. This principle
applies not only to resistances but to any type of impedance.

One of the uses of a transformer is for making a load of a
certain impedance, say Z., equivalent to some other impedance,
say Zp. So it is often necessary to find the required turns ratio.
Since Zy, = n?Z,, it follows that n must be 1/(Z,/Zs).

Another use is for insulating the load from the generator. That
is why 1 : 1 transformers are occasionally seen. But if it is not
necessary to insulate the secondary winding from the primary, there
is no need for two separate coils.  The winding having the smaller
number of turns can be abolished, and the connections tapped
across the same number of turns forming part of the other winding.
This device is called an auto-transformer.
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CHAPTER 8

The Tuned Circuit

INDUCTANCE AND CAPACITANCE IN SERIES

IN THE PREVIOUS chapter we have seen what happens in a circuit
containing capacitance or inductance (with or without resistance),
and the question naturally arises: what about circuits containing
both? We know that two or more reactances of either the inductive
or capacitive kind in series can be combined just like resistances, by
adding; and either sort of reactance can be combined with resistance
by the more complicated square-root process. The outcome of
combining reactances of opposite kinds is so fundamental to
wireless that it needs a chapter to itself.

We shall begin by considering the simplest possible series circuit,
Fig. 8.1. The method is exactly the same as for reactance and
resistance in series; that is to say, since the current is common to

E, =150V
B———/=024A
£=230V
Fig. 8.1 —Circuit con-
sisting of an a.c. Ee=380V
generator in series .
with capacitance and Fig. 8.2—Vector
inductance diagram relating
to Fig. 8.1. when
E 230 V,

26 1,590 ()
amd ¥ = 628 ()

both it is easiest to start from it and work backwards to find the
e.m.f. needed to drive it. We already know how to find the separate
e.m.fs for C and L; Figs. 6.4 and 6.10 are respectively the waveform
and vector diagrams for C, and Figs 7.2 and 7.4 for L. It is there-
fore an easy matter to combine them in a diagram to represent the
Fig. 8.1 situation. With either type of diagram it is clear that the
e.m.fs are exactly in opposition; 180° out of phase, as one would
say. This can only mean that one e.m.f. must be subtracted from
the other to give the necessary driving e.m.f. And since reactance
is equal to e.m.f. divided by current (the same in both cases) it
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follows that the total reactance of the circuit is also equal to one of
the separate reactances Jess the other.

Which e.m.f. or reactance must be subtracted from which to
give the total? There is no particular reason for favouring either,
but the agreed convention is to call X, positive and X¢ negative.

For cxample, suppose L in Fig. 8.1 is 2 H, C is 2uF, and E is
230 V at 50 ¢/s. We have already calculated the reactances of
2 H and 2uF at 50 c/s (p. 92 and p. 84) and found them to be
628 Q and 1,590 Q. So the total reactance must be 628 — 1,590 =
—962 €, which at 50 ¢/s is the reactance of a 3-3 uF capacitor. The
generator, then, would not notice any difference if a 3-3 uF capacitor
were substituted for the circuit consisting of 2 uF in scries with 2 H.
The magnitude and phase of the current would be the same in both
cases; namely, 230/962 = 0-24 A, leading by 90°.

To make sure, let us check it by calculating the voltage needed to
cause this current. Eg is equal to /X, = 0-24 x 1,590 = 380 vV,
and its vector must be drawn so that / leads it by 90° (Fig. 8.2).
Epis IX1 = 0-24 x 628 = 150 V, drawn so that / lags it by 90°.
The resultant of E¢ and Ey, represented in Fig. 8.2 by the net effect
of a distance downwards representing 380 V and one upwards of
150 V, is clearly 230 V.

The fact that the voltage across the capacitor is greater than the
total supplied may be difficult to believe at first, but it is nothing to
what we shall see soon !

L, C AND R ALL IN SERIES

Bringing R into the circuit introduces no new problem, because
we have just found that L and C can always be replaced (for purposes
of the calculation) by either L or C of suitable value, and the method
of combining this with R was covered in the previous chapter.
Elaborating the equation given thercin (p- 87) to cover the new
information, we have

Z =A/(X, — X + R?
Faced with a circuit like Fig. 8.3, we might begin by combining

R, with X¢ and R, with X,. afterwards combining the two results.
But since neither of these pairs would be cither a pure resistance or a

Xe R, X R, Fig. 8.3—Capacitance, inductance and
—J—I s AAAAA— resistance in series

pure reactance, we should have no immediate knowledge of the
relative phases of the voltages across them. The final stage of the
process would thercfore be outside the range of the methods we have
discussed. We can get round the difficulty by first subtracting X,
from X, to find the total reactance of the circuit, then finding the
total resistance by adding R, to R,. and finally working out the
impedance as for any other simple combination of reactance and
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resistance. The fact that ncither the two reactances nor the two
resistances are neighbours in the circuit does not matter, for the same
current flows through all in scries.

TuHe SErIEs TuNep CIRCUIT

We have already seen that the reactance of a capacitor falls
and that of an inductor rises (p. 90) as the frequency of the current
supplied to them is increased. It is therefore going to be interesting
to study the behaviour of a circuit such as Fig. 8.4 over a range
of frequencies. For the values given on the diagram, which
are typical of practical broadcast raceiver circuits, the reactances
of coil and capacitor for all frequencies up to 1,800 kc/s are
plotted as curves in Fig. 8.5.  The significant feature of this diagram
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1 1600 ———1- Jt‘
w1400
R % 40
100 51200
5 E_I,OOQ
C 3 |
£ T W 200¢F ' 8001
3 600 ‘
<
zooLy . ‘SJ 400 ‘ 1
< 200 . j f l t 1 ,_‘l_
- S o X s ‘[—‘~ =
Fig. 8.4—The way the re- 400 800 ¥00 1600
actances in this circuit vary FREGQUENCY, /. IN KILOCYCLES
with the frequency of E, PER SECOND
grapbed in Fig. 8.5, leads to
interesting conclusions regard- i“ig. 8.5—Reactances of the coil and
ing this type of circuit in capacitor in Fig. 8.4 pletted against
general frequency

is that at one particular frequency, about 800 kc/s, L and C have
equal reactances, each amounting to about 1,000 Q. So the
total reactance, being the difference between the two separate
reactances, is zero. Put ancther way, the voltage developed across
the one is equal to the voltage across the other; and since they are,
as always, in opposition, the two veltages cancel out exactly. The
circuit would therefore be unaltered, so far as concerns its behaviour
as a whole to a voltage of this particular frequency, by completely
removing from it both L and C.  This, leavirg only R, would result
in the flow of a current equal to E/R.

Let us assume a voltage not unlikely in broadcast reception,
and see what happens when £ = 5 mV. The current at 800 kc/s
is then 5/10 = 0-5 mA, and this current flows, not through R oniy,
but through L and C as well. Each of these has a reactance of
1,000 Q at this frequency; the potential difference across each of
them is therefore 0-5 < 1.000 = 500 mV, which is just one hundred
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times the voltage E of the generator to which the flow of current is
due.

That so small a voltage should give rise to two such large voltages
elsewhere in the circuit is one of the queer paradoxes of alternating
currents that make wireless possible. If the foregoing paragraphs
have not made clear the possibility of the apparcnt absurdity, try
making a waveform or vector diagram for the circuit of Fig. 8.4 at
800 kc/s; it will show that the presence of two large voltages in
opposition is incvitable.

MAGNIFICATION

In the particular case we have discussed, the voltage across the
coil (or across the capacitor) is one hundred times that of the
generator. This ratio is called the magnification of the circuit.

We have just worked out the magnification for a particular
circuit; now let us try to obtain a formula for any circuit. The
magnification is equal to the voltage across the coil divided by that
from the generator, which is the same as the voltage across R. If
1 is the current flowing through both, then the voltage across L is
/X1, and that across R is /R. So the magnification is equal to
1X.1 /IR, which is X,/R or (becausc in the circumstances considered
X¢= X1) Xc/R. At any given frequency, it depends solely on
L[R, the ratio of the inductance of the coil to the resistance of the
circuit.

To obtain high magnification of a received signal (for which
the generator of Fig. 8.4 stands), it is thus desirable to keep the
resistance of the circuit as low as possible.

The symbol generally used to denote this voltage maghnification
is O (not to be confused with Q denoting quantity of electricity).*

RESONANCE CURVES

At other frequencies the impedance of the circuit is greater,
because in addition to R there is some net reactance. At 1,250 kc/s,
for example, the individual reactances are 1,570 and 636 Q (see
Fig. 8.5), lcaving a total rcactance of 934 . Compared with
this, the resistance is negligible, so that the current, for the same
driving voltage of 5 mV, will be 5/934 mA, or roughly 5 uA. This
is approximately one hundredth of the current at 800 ke/s. Passing
through the reactance of L (1,570 Q) it gives rise to a voltage across
it of 1,570 x 5 = 7.850 uV = 7-85 mV, which is only about one
sixty-fourth as much as at 800 kc/s.

By extending this calculation to a number of different frequencies
we could plot the current in the circuit, or the voltage developed
across the coil, against frequency. This has been done for two
circuits in Fig. 8.6. The only difference between the circuits is that

* In any real tuned circuit the coil is not pure inductance as shown in Fig. 8.4,
but contains the whole or part of R and also has some stray capacitance in paraliel
with it. Consequently the magnification obtained in practice may not be

exactly equal to ( (as calculated by .\,/R); but the difference is usually
unimportant.
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Fig. 8.6—Showing how the
voltage developed across the coil
in a tuned circuit varies with
freqwency. Curves are plotted
for L=180 uH, C=141 pF, E
(injected voltage) = 0-5 V, and
R =15 () for the Q = 758
circuit and 5-66 () for the Q =
200 circuit
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in one the resistance is 15 €, giving Q = 75, and in the other it is
566 (2, giving Q = 200. Ia both, the values of L and C are such
that their reactances are equal at 1,000 kc/s. These curves illustrate
one thing we already know-—that the response (voltage developed
across the coil) when the reactances are equal is proportional to Q.
They also show how it falls off at frequencies on each side, due to
unbalanced reactance. At frequencies well off 1,000 kc/s the
reactance is so much larger than the resistance that the difference
between the two circuits is insignificant. The shapes of these
curves show that the response of a circuit of the Fig. 8.4 type is
far greater to voltages of one particular frequency—in this case
1,000 kc/s—than to voltages of substantially different frequencies.
The circuit is said to be tuned to, or to resonate to, 1,000 kc/s; and
the curves are called resonance curves. This electrical resonance is
very closely analogous to acoustical resonance: the way in which
hollow spaces or pipes magnify sound of a particular pitch.

The principle on which a receiver is tuned is now beginning to be
evident: by adjusting the values of L or C in a circuit such as that
under discussion one can meke it resonate to any desired frequency.
Any signal voltages received from the aerial at that frequency will
have preferential amplification; and the desired transmission, dis-
tinguished from the rest by its frequency, will be received to the
comparative exclusion of the others.

SELECTIVITY

This ability to pick out signals of one frequency from all others
is called selectivity. It is an even more valuable feature of tuned
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circuits than magnification. There are alternative methods (which
we shall consider later) of magnifying incoming signal voltages, but
by themselves they would be useless, because they fail to distinguish
between the desired programme and others.

The way the curves in Fig. 8.6 have been plotted focuses attention
on how the value of Q affects the response at resonance. The
comparative selectivity is more easily seen, however, if the curves are

100 Fig. 8.7—In this diagram the
curve ‘‘ O = 200’ is the same
90 as in Fig. 8.6, but, to enable
the sclectivity of the Q=75
80 circuit to be more easily com-
5 pared, the voitage injected into
= it has been raised from 0-5 mV
b i} to 1:33 mV, so as to make the
a output voltage at resonance
2 60 equal to that across the Q0 =
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plotted to give the same voltage at resonance, as has been done in
Fig. 8.7. Tt must be borne in mind, of course, that this implies
raising the input to the low-Q circuit from 0-5 V to 133 V. Since
the maximum voltage across both the coils is now 100 mV, the scale
figures can also be read as percentage of maximum. Fig. 8.7
brings out more clearly than Fig. 8.6 the superior selectivity of the
high-Q circuit. For a given response to a desired station working on
1,000 kc/s, the 200-Q response to 990 kcfs voltages is less than half
that of the 75-Q circuit. In general, the rejcction of frequencies
well off resonance is nearly proportional to Q.

Broadcasting stations in this waveband work at intervals of 9 or
10 kefs, and although a Q of 200 is rather better than the average,
Fig. 8.6 shows that the response at 10 kc/s off resonance is still as
much as one quarter that at rcsonance. This amount of selectivity
is quite insufficient to keep out a possible interfcring station, especi-
ally if it is stronger than the wanted one. So nearly all receivers
include several tuned circuits. A second one of the same Q would
reduce the quarter to one sixteenth; a third would reduce it to a
quarter of one sixteenth—one sixty-fourth—and so on.
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FREQUENCY OF RESONANCE

It is obviously important to be able to calculate the frequency at
which a circuit containing known L and C resonates, or (performing
the same process in reverse) to calculate the L and C required to
tune to a given frequency. The required equation follows easily
from the fact that resonance takes place at the frequency which
makes the reactance of the coil equal that of 1he capacitor:

1
2nfel = InfiC
where the symbol f; is used to denote the frequency of resonance.
Rearranging this, we get

1 1
2 _ - - =
= omre S f=garc

If L and C are respectively in henries and farads, f; will be in
cycles per second; if L and € are in henries and microfarads, f;
will be in kcfs. But perhaps the most corvenient units for radio
purposes are wH and pF, and when the value of = has been filled in
the result is
159,200 . , 159-2

VLC or fr(in Mcjs) VLC

If the answer is preferred in terms of wavelength, we make use
of the relationship f= 3 X 108/ (p. 22) to give

A= 1-885+/LC (Arin metres; L in pH; C in pF)

Jr (in kcfs) =

One thing to note is that fr and A: depenc on L multiplied by C;
so in theory a coil of any inductance can be tuned to any frequency
by using the appropriate capacitance. In practice the capacitance
cannot be reduced indefinitely, and there are disadvamtages in
making it very large. Most variable tuning capacitors for the
medium-frequency band give a range of about 30 to 530 pF. The
capacitance of the wiring and circuit components necessarily con-
nected in parallel may add another 30 pF. This gives a ratio of maxi-
mum to minimum of 560/60 = 9-35. But tke square root sign in the
above equations means that if the inductance is kept fixed the ratio
of maximum to minimum f; (or A;) is 4/9-35. or 3-06. Any band of
frequencies with this range of maximum to minimum can be covered
with such a capacitor, the actual frequencies in the band being
dependent on the inductance chosen for the coil.

Suppose we wished to tune from 1,605 kc/s to 1,605/3-06 or
525 kefs, corresponding to the range of wavelengths 187 to 572
metres. For the highest frequency or lowest wavelength the
capacitance will have its minimum value of 60 pF; by filling in this
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value for C and 1-605 Mc/s for f;, we have 1-605 = 159-2/+/60L,
from which L = 164 uH.*

If we calculate the value of L necessary to give 0-525 Mc/s with a
capacitance of 560 pF, it will be the same.

In the same way the inductance needed to cover the short-wave
band 9-8 to 30 Mc/s (30-6 to 10 metres) can be calculated, the result
being 0:471 pH.

Notice how large and clumsy numbers are avoided by a suitable
choice of units, but of course it is essential to use the equation
having the appropriate numerical * constant ”. If in any doubt
it is best to go back to first principles (2=f;L = 1/2x£;:C) and use
henries, farads, and c/s.

L AND C IN PARALLEL

If the input voltage, instead of being applied in series with L and C
as in Fig. 8.1, is in parallel (Fig. 8.8), the result is a system which is
in many ways similar, butin which voltage and current have changed

7 ) Ich
/e 7,
A p——— £
/3 C L
T ]\{
Fig. 8.8~—Parallel resonant circuit, I
which may be compared with the series
resonant circuit, Fig. 8.1 Fig. 8.9— Vector
diagram relating
to Fig. 8.8

places. (We noticed a similar relationship when, on p. 68, we com-
pared inductance with capacitance.) 1In elucidating the series circuit
we started with the current, because that was common to both L and
C, and found the voltages across each and hence across the whole.
In Fig. 8.8 the currents through L and C are not necessarily cqual,
but the voltages across them obviously must be, both being equal to
E. So we start the vector diagram (Fig. 8.9) by drawing an E vector.

With no resistance, the current in the L branch will be determined
by the reactance 2#fL of the coil; it will be E/2zfL. In the
C branch, it will similarly be E/(1/2=fC) = E.2=fC. We know,
too, that /, will lag £ by 90°, and /¢ will lead E by 90°; so the

* For this reverse process it saves time to adapt the formula, thus:
JSe =1592/vic (wH, pF, Mc/s).
s et = 15928 LC
oo L= 25,350/ C
The corresponding adaptation for calculating C is
C = 25,350/f:L
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currents must be in exactly opposite phase, as were the voltages in
Fig. 8.2. The net current taken from the generator will, therefore,
be the simple difference between the two individual currents.

Suppose now that the frequency is such as to make the reactances
equal. The currents will therefore be equal, so that the difference
between them will be zero. We then have a circuit with two
parallel branches, both with currents flowing in them, and yet the
current supplied by the generator is nil!

It must be admitted that such a situation is impossible, the reason
being that no practical circuits are entirely devoid of resistance. But
if the resistance is small, when the two currents are equal the system
does behave approximately as just described. It is a significant fact
that the frequency which makes them equal is the same as that
which in a series circuit would make L and C resonate.

THE EFFECT OF RESISTANCE

When the resistance of a circuit such as Fig. 8.8 has been reduced
to a minimum, the resistance in the C branch is likely to be negligible
compared with that in the L branch. Assuming this to be so, let
us consider the effect of resistance in the L branch (Fig. 8.10). repre-
senting it by the symbol r as a reminder that it is small compared
with the reactance. We have already studied this branch on its
own (Fig. 7.3) and noted that one effect of the resistance is to cause
the phase angle, by which the current lags the total applied voltage,
to be less than 90°; the greater the resistance the less the angle
(Fig. 7.4). Applymg the same principle, we modify Fig. 8.9 as
shown in Fig. 8.11a. (If you have any difficulty in seeing that the
principle is the same, look at Fig. 7.4 with the right-hand edge of the
page at the bottom, so that the two diagrams are in phase with one

/
/¢
Fig. 8. IO—Parallel resonant circuit c
with resistance in the inductive [I<,9
branch, which may be compared
with Fig. 8.4
L

apother.) The angle between E and I, is now less than 90°, but
since we are assuming that the resistance in the C branch is negligible
we must draw the I¢ vector at right angles to E.  We are also assum-
ing that Ir = I, but as they are now not exactly opposite in phase
the result of combining them is a small current 7, being the current
supplied by the generator. To avoid confusing Fig. 8.11a this com-
bining process has been transferred to Fig. 8.115.
One detail that should be noticed about Fig. 8.115 is that although
I is nearly in phase with E it is not exactly so. If J¢ = Iz, I must
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be exactly midway between them in phase, whereas £ is 90° from /-
and less than 90° from /.. It is easy to see that / could be brought
exactly into phase with £ by a slight reduction in frequency, which
would increase /1 and reduce /¢.  But if (as we are supposing) r is

le I

Fig. 8.11—(a) Modification of Fig. 8.9 to allow for the
presence of resistance as in Fig. 8.10

much smaller than X there is no need to worry about this, because
the difference in phase between E and / will then be negligible. In
Fig. 8.11 we have had to make r nearly a quarter of X, to show any
difference at all, whereas in practice r is more likely to be 10-50
times smaller still. And of course that will make /7 very small
indeed compared with /; or /.

What all this amounts to is that under the conditions named
(inductive reactance of the coil much greater than its resistance,
and frequency such as to make the currents in the two branches
equal) the current that has to be supplied by the generator is very
small and practically in phasc with its e.m.f. In other words, it is
identical with the current that would flow if the two reactive branches
were replaced by one consisting of a high resistance.

DYNAMIC! RESISTANCE

It is a matter of considerable practical interest to know how high
this resistance is (let us call it R), and how it is related to the values
of the real circuit: L, C and r. We have already seen that if » = 0
the current / is zero, so in that case R is infinitely large. Fig. 8.11
shows that as r is increased the voltage E. increases, bringing 7,
more nearly into phase with £ and therefore with /¢, so that /
increases, representing a decrease in R. Whereas when r is much
less than X the value of R is much greater than X, you can find
by crawing the vector diagram that when r is about equal to X,
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then R will be not very much more than X:. So at least we can
say that the smaller we make r in Fig. 8.10, the greater is the resistance
which the circuit as a whole presents to the generator.

It can be shown mathematically that, so long as r is much less
than Xz, the resistance R, io which the parallel circuit as a whole
is equivalent at a certain frequency, is practically equal to X.*/r.
The proof by algebra is given in standard textbooks, but geometry-
minded readers should not find it difficult to prove from the vector
diagram, Fig. 8.11.

To take an example, suppose C and L are the same as in Fig. 8.4,
and r is cqual to 10 Q (Fig. 8.12a). At 800 kc’s the reactances are
each 1,000 Q (Fig. 8.5). So Ris 1,000%/10 = 100,000 Q (Fig. 8.12b).
If L, C and r were hidden in one box and R in another, each with a

/, ) 7

£

£ (~ R
aoox«/s<> 200pF =T o 1000000

r

kefs
1001
(@&l ib
Fig. 8.12—The circuit camposed of C, L and r having the values
marked (a) can ar 800 kcis be replaced by a high resistance (b), so
far as the phase and magnitude of the current takes by the generator
is concerned

T
:

pair of terminals for connecting the generator, it would be impossible
to tell, by measuring the amount and phase of the current taken,
which box was which. Both would appear to be resistances of
100,000 Q, ar that particular frequency. We shall very soon consider
what happens at other frequencies, but in the meantime it should
be noted that the apparent or equivalent resistance, which we have
been denoting by R, has the special name dynamic resistance.

PARALLEL RESONANCE

Suppose £ in Fig. 8.121is 1 V. Then under the conditions shown
the current 7 must be 1/100,000 A, or 10 »A. Since the reactances
are each 1,000 Q, and the impedance of the L branch is not
appreciably increased by the presence of r, the branch currents
are each 1,000 wA. But let us now change the frequency to
1,000 kc/s. Fig. 8.5 shows that this makes X¢ and X respectively
800 Q and 1,250 Q. The current /¢ taken by C is then 1/800 A ==
1,250 uA and I, is 1/1.250 A = 800 nA. Since r is small, these
two currents are so nearly in opposite phase that the total current is
practically equal to the difference between them, 1,250 — 800 =
450 yA. This balance is on the capacitive side, so at 1.000 kc/s
the two branches can be replaced by a capacitance having a
reactance = E/I = 1/0-00045 = 2,222Q, or 112-5 pF. The higher
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the frequency the greater is the current, and the larger this apparent
capacitance; at very high frequencies it is practically 200 pF—as
one would expect, because the reactance of L becomes so high that
hardly any current can flow in the L branch.

Using the corresponding line of argument to explore the fre-
quencies below 1,000 kc/s, we find that the current becomes larger
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Fig. 8.13 — Plotting
the current and im-
pedance of the Fig.
8.12a circuit as a
whole at various fre-
quencies gives the
shapes shown here:
(@) current, (b) im-
pedance
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and larger, and that its phase is very nearly the same as if C were
removed, leaving an inductance rather greater than L but not much
greater at very low frequencies.

Plotting the current over a range of frequency, we get the result
shown in Fig. 8.13a, which looks like a series-circuit resonance curve
turned upside down.

The graph of impedance against frequency (Fig. 8.136) is still
more clearly a resonance curve.

THE FREQUENCY OF PARALLEL RESONANCE

Before we complicated matters by bringing in r we noticed that
the frequency which would make L and C resonate in a series
circuit had the effect in a parallel circuit of reducing / to zero and
making the impedance infinitely great. In these circumstances the
frequency of parallel resonance is obviously the same as that of
series resonance. But actual circuits always contain resistance,
which raises some awkward questions about the frequency of
resonance. In a series circuit it 1s the frequency that makes the two
reactances equal. But in a parallel circuit this does not make the
branch impedances exactly equal unless both contain the same
amount of resistance, which is rarely the case. The two branch
currents are not likely to be exactly equal, therefore. And even if
they were, Fig. 8.11 shows that it would not bring the total current /
exactly into phase with E. So are we to go on defining f; as the
frequency that makes X, = X¢, or as the frequency which brings /
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into phase with £ so that the circuit behaves as a resistance R, or as
the frequency at which the current / is least ?

Fortunately it happens that in normal radio practice this question
is mere hair-splitting; the distinctions only become appreciable
when r is a large-sized fraction of X.; in other words, when
Q (=Xi/r) is abnormally small—say less than 5. On the under-
standing thar such unusual conditions are excluded, therefore, the
following relationships are so nearly true that the inaccuracy is of
no practical importance. The frequency of parallel resonance (fr)
is the same as that for series resonance, and it makes the two
reactances X and X¢ equal. The impedance at resonance (R) is
resistive, and equal to X:*r and also to Xc¥/r. And, because
X1 = X¢ at resonance,

XeXe  2nfil L
r 2afilCr— Cr

. L
from which r=CRr

R =

In all these, r can be regarded as the whole resistance in series with L
and C, irrespective of how it is distributed betwcen them. Since
Q= X,

R

R = QX, r=g, and Q:'Q.'

All these relationships assume resonance.

SERIES AND PARALLEL RESONANCE COMPARED

The resonance curve in Fig. 8.13b showing R = 100 k&2 applies
to the circuit in Fig. 8.12a, in which Q = Xy/r = 2af L[r = 27 X
800,000 x 0-0002/10 = 100. If r were reduced to 5 Q, 0 would
be 200, and R would be 200 kQ. But reducing r would have
hardly any effect on the circuit at frequencies well off resonance;
so the main result would be to sharpen the resonance peak. Increas-
ing r would flatten the peak. This behaviour is the same as with
series resonance, except that a peak of impedance takes the place of
a peak of voltage across the coil or of current from the generator.
Current from the generator to the parallel circuit reaches a minimum
at resonance (Fig. 8.13a), as does impedance of the series circuit.

At resonance a series circuit is (except for r) a perfect short-
circuit to the generator, so is called an acceptor circuit. A parallel
circuit at resonance is (except for R, which is an inversion of r) a
perfect open-circuit to the generator, so is called a rejector circuit.
One should not be misled by these names into supposing that there
is some inherent difference between the circuits: the only difference
is in the way they are used. To a generator connected in one of
the branches, Fig. 8.12a is an acceptor circuit at the same time as it is
a rejector circuit to the generator shown.
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If the generator in a circuit such as Fig. 8.12a were to deliver a
constant current instead of a constant e.m.f., the voltage developed
across it would be proportional to its impedance, and so would
vary with frequency in the manner shown in Fig. 8.135. So the
result is the same, whether a tuned circuit is used in series with a
source of voltage or in parallel with a source of current. In later
chapters we shall come across examples of both.

THE RESISTANCE OF THE COIL

In the sense that it cannot be measured by ordinary direct-
current methods—by finding what current passes through on
connecting it across a 2 V cell, for example—it is fair to describe R
as a fictitious resistance. Yet it can quite readily be measured by
any method suitable for measuring resistances at the frequency to
which the circuit is tuned; in fact, those methods by themselves
would not disclose whether the thing being measured was the
dynamic resistance of a tuned circuit or the resistance of a resistor.

If it comes to that, even r is not the resistance that would be
indicated by any d.c. method. That is to say, it is not merely the
resistance of the wire used to make the coil. Although no other
cause of resistance may be apparent, the value of r measured at
high frequency is always greater, and may be many times greater,
than the d.c. value.

One possible reason for this has been mentioned in connection
with transformers (p. 97). If a solid iron core were used, it would
have currents generated in it just like any secondary winding: the
laws of electromagnetism make no distinction. These currents
passing through the resistance of the iron represent so much loss of
energy, and, as we have seen, that necessitatcs some e.m.f. in phase
with the primary current, just as if there were some extra resistance
in the coil to be overcome. To stop these eddy currents, as they are
called, iron cores are usually made up of thin sheets arranged so as
to break up circuits along the lines of the induced e.m.f. At radio
frequencies even this is not good enough, and if a magnetic core is
used at all it is either iron in the form of fine dust bound together
by an insulator, or a non-conducting magnetic material called a
ferrite.

Another source of loss in magnetic cores, called hysteresis, is a lag
in magnetic response, which shifts the phase of the primary current
so that it is partly in phase with the applied e.m.f,, and therefore
represents resistance, or energy lost (p. 48).

The warming-up of cores in which a substantial number of watts
are being lost in these ways is very noticeable.

Although an iron core introduces the equivalent of resistance
into the circuit, its use is worth while if it enables a larger amount of
resistance to be removed as a result of fewer turns of wire being
needed to give the required inductance. Another reason for using
iron cores, especially in r.f. coils, is to enable the inductance to be
varied, by moving the core in and out.
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Even the metal composing the wire itself has e.m.fs induced in it
in such a way as to be equivalent to an increase in resistance. Their
distribution is such as to confine the current increasingly to the
surface of the wire as the frequency is raised. This skin effect occurs
even in a straight wire; but when wound into a coil each turn lies in
the magnetic field of other turns, and the resistance is further in-
creased; so much so that using a thicker gauge of wire sometimes
actually increases the r.f. resistance of a coil.

DIELECTRIC LOSSES

in the circuits we have considered until now, r has been shown
exclusively in the inductive branch. While it is true that the
resistance of the capacitor plates and connections is usually negligible
(except perhaps at very high frequencies), insulating material coming
within the alternating electric field introduces resistance rather as
an iron core does in the coil. It is as if the elasticity of the * leashes ™’
(p. 59) were accompanied by a certain amount of friction, for the
extra circuit current resulting from the electron movements is not
purely capacitive in phase. The result is the same as if resistance
were added to the capacitance.

Such materials are described as poor dielectrics, and obviously
would not be chosen for interleaving the capacitor plates. Air is
an almost perfect dielectric, but even in an air capacitor a part of
the field traverses solid material, especially when it is set to minimum
capacitance. Apart from that, valve holders, valve bases, terminal
blocks, wiring, and other parts of the circuit—including the tuning
coil—have “ stray > capacitances; and if inefficient dielectrics are
used for insulation they will be equivalent to extra resistance.

R.F. RESISTANCE

All these causes of loss in high-frequency circuits come within
the general definition of resistance (p. 48), as (electrical power
dissipated) < (current-squared). In circuit diagrams and calcula-
tions it is convenient to bring it all together, with the ordinary
wire resistance, in a single symbol such as in Fig. 8.12a. in con-
junction with a perfectly pure inductance and capacitance, L and C.
But we have seen that at resonance the whole tuned circuit can also
be represented as a resistance R (Fig. 8.12h). We also know that a
perfect L and C at resonance have an infinite intpedance, so could be
shown connected in parallel with R as in Fig. 8.14; and as this tuned
circuit would carry the large circulating currents /;, and /¢ it would
represent the actual circuit more closely. Furthermore, it represents
the- circuit not only at resonance but (except in so far as R varies
somewhat with frequency) at frequencies on each side of resonance.

More generally, for every resistance and reactance in series one
can calculate the values of another resistance and reactance which,
connected in parallel, at the same frequency, are equivalent. And
if (as we are assuming) the reactance is much greater than the
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resistance, it has very nearly the same value in both cases. The
values of series and parallel resistance, r and R respectively, are
connected by the same approximate formula R = X2jr, which we
have hitherto regarded as applying only at the frequency of resonance
(p. 109). This ability to reckon resistance as either in parallel or in

{ =1l (BECAUSE /,=~/()
IC=,\/_€ 1L= L IR=W£
Fig. 8.14-—An alternative way of repre-
E R senting a circuit such as Fig. 8.12 (a).
If r is small compared with X, R=X?3/r

series is very useful. It may be, for example, that in an actual
circuit there is resistance connected both ways. Then for simplifying
calculations it can be represented by a single resistance, either series
or parallel.

An example, worked out with the help of relationships explained
in this chapter, may make this clearer. A certain coil has, say,
an inductance of 1-2 mH, and at 300 kc/s its r.f. resistance, reckoned
as if it were in series with a perfect inductance, is 25 Q (Fig. 8.15q).
At that frequency the reactance, Xz, is 2afL = 27 X 300 X 12 =
2,262 Q. So Qp = 2,262/25 =90-6. (Q. is the Q of the coil,
defined as Xy/rz; it is also the magnification of a resonant circuit
consisting of this coil and a perfect capacitor.) The same coil can
be represented as a perfect inductance of very nearly 12 mH in

£L=1200 puH é

L=1200pK R,=205 kN
R
= C ¢
/=300kc/s 235 pF =075 M
=250
(b (e
@
R L
161k 0 ¢
r=3180
(d) (G

Fig. 8.15——Example to illustrate series and parallel equivalents. b5 is
equlvalent to a; and 4 and e are alternative ways of expressing
the result of combining ¢ with b
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parallel with a resistance Rz = X1%/r;, = 2,2623/25 = 205,000  or
205 kQ (Fig. 8.15b). 1If rz remained the same at 200 kc/s, the value
of Rz would be 27 X 200 x 1-2)}/25 = 91 k{; so when the
equivalent parallel value has been found for one frequency it must
not be taken as holding good at other frequencies. As a matter of
fact, neither rz nor Ry is likely to remain constant, but in most
practical coils Q is fairly constant over the useful range of frequency.
So it is likely that at 200 kc/s Rz would be somewhere around
135 k€2, and rz would be about 17 £2.

The capacitance required to tune the coil to 300 kc/s, or 0-3 Mc/s,
is (p. 106, footnote) C == 25,350/f:2L = 25,350/(0-3% x 1,200) =
235 pF. This, of course, includes the tuning capacitor itself plus the
stray capacitance of the wiring and of the coil. The whole of this
is equivalent to a perfect 235 pF in parallel with a resistance of, shall
we say, 0-75 MQ (Fig. 8.15¢). The reactance, X, is bound to be the
same as Xz at resonance; but to check it we can work it out from
12afC = 1/2= x 0-3 X 0-000235) = 108/(2» x 0-3 X 235) =
2,262 Q. Q¢ is therefore R¢/X¢ = 750,000/2,262 = 332. (This
figure is the magnification of a resonant circuit consisting of this
capacitor and a perfect coil, but as real coils are far from perfect it is
more useful as a measure of the *“ goodness  of the capacitor.)

If the two components are united as a tuned circuit, the total loss
can be expressed as a parallel resistance, R, by reckoning Ry and
Re in parallel: RZR¢/(R1+ Re) = 0-205 X 0-75/0-955 = 0-161 MQ
(Fig. 8.15d). Although this s less than Ry, it indicates a greater loss.
The Q of the tuned circuit as a whole is R/X = 161,000/2,262 = 71.
Incidentally, it may be seen that this is QrQc¢/(Qr + Oc). The
total loss of the circuit can also be expressed as a series resistance,
r= X%R =2,2622/161,000 = 31-8 © (Fig. 8.15¢). Calculating Q
from this, X/r = 2,262/31-8, gives 71 as before.

Before going on, the reader would do well to continue calculations
of this kind with various assumed values, taking note of any general
conclusions that arise. For instance, a circuit to tune to the same
frequency could be made with less inductance; assuming the same
0, would the dynamic resistance be lower or higher? Would an
added resistance in series with the lower-L coil have less or more
effect on its 0?7 And what about a resistance in parallel?
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CHAPTER 9

Valves: The Simpler Types

EMITTED ELECTRONS

So ¥AR WE have considered an clectric current as a stream of
electrons along a conductor (p. 30). The conductor is needed to
provide a supply of loose electrons, ready to be set in motion by
an e.m.f. An e.m.f. applied to an insulator causes no appreciable
current because the number of loose clectrons in it is negligible.

To control the current it is necessary to move the conductor,
as is done in a switch or rheostat (a variable resistor). This is all
right occasionally, but quite out of the question when (as in radio)
we want to vary currents millions of times a second. The difficulty
is the massiveness of the conductor: it is mechanically impracticable
to move it at such a rate.

This difficulty can be overcome by releasing electrons, which
are inconceivably light, from the relatively heavy metal or whatever
conductor is used. Although in constant agitation in the metal,
they have not enough energy at ordinary temperature to escape
beyond its surface. But if the metal is heated they “ boil off ”
fromit. A source of free electrons, such as this, is cailed a carhode.
To prevent the electronic current from being hindered by the
surrounding air, the space in which it is to flow is enclosed in a
glass bulb and as much as possible of the air pumped out, giving a
vacuum. We are now well on the way to manufacturing a thermionic
valve, or, as it is called in America, a vacuum tube.

Cathodes are of two main types: directly heated and indirectly
heated. The first, more usually known as a filament, consists of a
fine wire heated by passing a current through it. To minimize the
current needed, the wire is usually coated with a special material that
emits electrons freely at the lowest possible temperature. Valves
with this typc of cathode are used chiefly in battery-driven sets.

The indirectly heated cathode is a very narrow tube, usually of
nickel, coated with the emitting material and heated by a separate
filament, called the heater, threaded through it. Since the cathode
is insulated from the heater, three connections are necessary com-
pared with the two that suffice when the filament serves also as the
source of clectrons, unless two are joined together internally.

In all essentials the two types of cathode work in the same way;
in dealing with valves we shall therefore omit the heater or filament
circuit altogether after the first few diagrams, indicating the cathode
by a single connection.  The operation of a valve depends upon the
emission from the cathode; the means by which the cathode is
heated to obtain this emission has little significance except in
connection with the design of a complete receiver (p. 357).
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The free electrons do not tend to move in any particular direction
unless urged by an electric field. In the absence of such a field they
accumulate in the space around the cathode, enclosing it in an
electronic cloud. Because this cloud consists of electrons, it is
a negative charge, known as the space charge, which repels new
arrivals back again to the cathode, so preventing any further
accumulation of electrons in the vacuous space.

THE DIODE VALVE

To overcome the stoppage caused by the negative space charge
it is necessary to apply a positive potential. This is introduced into
the valve by means of a metal plate called the anode. The simplest
type of valve—the diode—contains only two electrodes: cathode
and anode.

When the anode is made positive relative to the cathode, it attracts
electrons from the space charge, causing its repulsion to diminish
so that more electrons come forward from the cathode. In this
way current can flow through the valve and round a circuit such as in
Fig. 9.1. But if the battery is reversed, so that the anode is more
negative than the cathode, the electrons are repelled towards their
source, and no current flows. The valve will therefore permit

ANODE +

ELECTRON | ANODE +

STReaM | (ORHT) -

| BATTERY :

CATHODE Y - ;

H

FILAMENT -
= (GRLTY T-

BATTERY

Fig. 9.1—Electron flow from cathode Fig. 9.2-—Circuit for finding the
to anode in a directly-heated diode relationship between the anode voltage
valve (Vs) and the anode current (/) in a

diode

current to flow through it in one direction only, like the air valve
attached to a tyre, and this is why it was so named. It is one
particular type of rectifier (p. 359). The anode battery or other
supply is often called the h.t. (signifying * high tension >) and the
filament or heater source the L.t. (** low tension ).

If the anode of a diode is slowly made more and more positive
with respect to the cathode, as, for example, by moving the slider
of the potentiometer in Fig. 9.2 upwards, the attraction of the anode
for the electrons is slowly augmented and the current increases.
To each value of anode voltage V. there corresponds some value
of anode current /,, and if each pair of readings is recorded on a
graph a curve like that of Fig. 9.3 (called a valve /¥, characteristic
curve) is obtained.
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The shape of the curve shows that at low voltages the anode collects
few electrons, being unable to overcome the repelling effect of the
space-charge. The greater the positive anode voltage the greater
the negative space charge it is able to neutralize; that is to say, the
greater the number of electrons that can be on their way between
cathode and anode; in other words, the greater the anode current.
By the time the point C is reached the voltage is so high that electrons
are reaching the anode practically as fast as the cathode can emit
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Fig. 9.3—Characteristic curve of a
diode
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them; a further risc in voltage collects only a few more strays,
the current remaining almost constant from C to D and beyond.
This condition is called saturation. Because the saturation current
is limited by the emission of the cathode, and that depends on the
temperature of the cathode, it is often called a temperature-limited
current, to distinguish it from the space-charge limited current lower
down the curve. In most modern valves—unlike the one whose
characteristic is shown in Fig. 9.3—the saturation current is high
above the working range.

At B an anode voltage of 100 V drives through the valve a
current of 20 mA; the valve could therefore be replaced by a
resistance of 100/20 = 5 kQ without altering the current flowing
at this voltage. This value of resistance is therefore the equivalent
d.c. resistance of the valve at this point. The curve shows that
although the valve is in this sense equivalent to a resistor, it does
not conform to Ohm’s law; its resistance depends on the voltage
applied. To drive 10 mA, for example, needs 70 V; V/I = 70/10
= 7 kL.

This is because the valve, considered as a conductor, is quite
different from the material conductors with which Ohm experi-
mented. Its so-called resistance—really the action of the space
charge—is like true resistance in that it restricts the current that
flows when a given voltage is applied, but it does not cause the
current to be exactly proportional to the voltage as it was in Fig. 2.3
In other words, it is non-linear.

ANODE A.C. RESISTANCE

One can, however, reckon the resistance of a valve in another
way. The portion of the curve round about B is nearly linear
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(i.e., straight). Within it, an increase or decrease of 30 anode
volts causes an increase or decrease in anode current of 10 mA. The
resistance over this region of the curve would therefore appear to be
30/10 = 3 k€. This resistance is effective towards current variations
within the range A to C; if, for example, a steady anode voltage of
100 V were applied (point B) and then an alternating voltage of
peak value 20 V were superposed on this, the resulting alternating
current through the valve would be 67 mA peak. Based on this,
the resistance, as before, comes out to 20/6-7 = 3 ki) The
figure derived in this way is the resistance offered to an alternating
voltage superposed on a steady anode voltage; it is therefore called
the anode a.c. resistance of the valve. lts importance in electronics
is so great that it has had the special symbol ra allotted to it. It
is also, but not so precisely, called the “ impedance ” of the valve.
The number of steps up in current for one siep up in voltage is
the slope of the curve. But rs is the number of voltage steps for
one current step, so it is 1 divided by the slope, or, as it is called,
the reciprocal of the slope, at the particular point selected on it.
As can be seen from Fig. 9.3, a steep slope mcans a low anodc
a.c. resistance,

The equivalent d.c. resistance of a valve is a quantity seldom
used or mentioned; it was introduced herc only for the sake of
calling attention to the non-linearity of the valve's resistance.

THE TRIODE VALVE

As we shall see in Chapter 16, the one-way traffic of the diode
makes it very uscful for converting a.c. to d.c.—rectifying. Butif a
wire grating is inserted between cathode and anode, so that, in
order to reach the anode, clectrons have to pass through it, a much
ful'er control of the electron current becomes possible. It enables
us, in effect, to vary the space-charge, which is the only thing (short
of saturation) affecting the amount of current that a given anode
voltage causcs to flow.

If the potential of this new clectrode, the grid, is made positive
with respect to the cathode it will assist the anode to neutralize the
space charge, so increasing the anode current; and, being nearer

.._-_--.-.--.'

Fig. 9.4- Circuit for taking
characteristic curves of a triode
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Fig. 9.5—Characteristic curves
of triode valve, at different grid
voltages. (These curves are
somewhat idealized, being
straighter and more parallel
than in actual practice)
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to the cathode, one grid volt will be more effective than one anode
volt. If, on the other hand, it is made negative it will assist the
space charge in repelling electrons back towards the cathode.

Fig. 9.4 shows the rather more complicated apparatus needed to
take characteristic curves of this three-electrode valve, or triode.
And in Fig. 9.5 arc some such curves, showing the effects of both
anode and grid voltages. Each of these curves was taken with the
fixed grid voltage indicated alongside. Notice that this voltage,
like all others relating to a valve, is reckoned from thz cathode as
zero. If, therefore, the cathode of a valve is made two volts positive
with respect to earth, while the grid is connected to earth, it is
correct to describe the grid as ‘‘two volts negative”, the words
“ with respect to the cathode ™ being understood. In a directly
heated valve, voltages are reckoned from the negative end of the
filament.

AMPLIFICATION FAcTOR

One would expect that if the grid were made neither positive nor
negative the triode would be much the same as if the grid were
not there; in other words, as if it were a diode. This guess is
confirmed by the curve in Fig. 9.5 marked * Vg = 0, for it might
easily be a diode curve. Except for a progressive shift towards
the right as the grid is made more negative, the others are almost
identical. This means that while a negative grid voltage reduces
the anode current in the way described, this reduction can be
counterbalanced by a suitable increase in anode voltage. In the
valve for which curves are shown, an anode current of 10 mA can
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be produced by an anode voltage of 120 if the grid is held at zero
potential. This is indicated by the point A. If the grid is now
made 6 V negative the current drops to 4 mA (point B), but can be
brought up again to its original value by increasing the anode
voltage to 180 V (point C).

Looked at another way, the distance A to C represents 60 V on
the V, scale and — 6V on the V; scale, with no change in lo. So
we can say that a change of 6 V at the grid can be compensated
for by a change of 60 V, or ten times as much, at the anode. For
reasons that will soon appear, this ratio of 10 to 1 is called the
amplification factor of the valve. It is yet another thing to be
denoted by pu.

As with the diode, the anode resistance of the valve can be
read off from the curves. All four curves of Fig. 9.5 will give the
same value over their upper portions, since they all have the same
slope; over the lower parts, where the steepness varies from point
to point, a whole range of values for the anode resistance exists.
Over the linear portions of the curves this resistance is 10 k{2, as
can be seen from the fact that the anode voltage must change by
10 to alter the anode current by 1 mA.

When reckoning the ra of a triode, it is most important that the
change in anode voltage should not be accompanied by any change
in grid voltage.

MutuaL CONDUCTANCE

We have seen that 1 V at the grid of this particular triode is
equivalent to 10 V at the anode; an alternative way of changing
the anode current by 1 mA is therefore to change the grid potential
by 1 V. This fact also can be rcad from the curves, by observing
(for example) that at }, = 100 the anode current for Vg =0 and
Ve = —2is 8 and 6 mA respectively.

The response of the anode current of a valve to changes in grid
voltage is a useful measure of the control that the grid exercises over
the electron stream through the valve. It is called the murual
conductance (symbol: g,), and in basic units would be expressed in
amps per volt, or mhos (p. 41); but because valve currents usually
amount only to milliamps it is nearly always in mA/V, which could
also be called millimhos. Americans often use a smaller unit still,
the wA/V or micromho.

The value of gy can, as we have seen, be derived from an L/V.
diagram such as Fig. 9.5, provided that there arc curves for at least
two different grid voltages, by noting the change in J; corresponding
to a change in Vg And, of course, the pair of readings marking
out this change must both be at the same anode voltage. An
alternative form of characteristic curve is obtained by plotting /s
against Vg, taking care to keep Vi, adjusted to a fixed value for each
curve, as in Fig. 9.6; a single curve of this kind is obviously
sufficient to indicate gm. For instance, BC represents the increase
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T 11 T T T T T T T2 Fig. 9.6—Four samples of anode-
1 T Pt current /grid-voltage characteristic
L i curve, each taken at a different

anode voltage
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in fy caused by an increase in Vg represented by AB; so gy is given
by tne ratio BC/AB—in this case 1 mA/V. Since this ratio also
defines the slope of the curve, it is quite common to refer to the
mutual conductance as the slope of the valve. But it must be
clearly understood that it is only the slope of this particular kind
of valve characteristic curve. The slope of the I./Va curve (Fig. 9.5)
is obviously different, and, in fact, is the anode conductance, 1/ra.
It, too, can be measured in mA/V, the volts being anode volts
instead of grid volts. But we know that, in its effects on /i, onc
grid volt is equivalent to x anode volts. So the mutual conductance
must be p times the anode conductance. In symbols:

1
Em=p X > OF gm = # or p= gnla, OT rl:g#-
m

Ts ry’
If ra is in ohms, gn will be in A/V; and if gy is in mA/V, r, will
be in k(2.

We see, then, that if any two of these valve parameters are known,
the third follows. It must not be forgotten that their values
depend on the part of the valve curve selected; that is to say, on
the steady voltages applied to the electrodes. The more nearly
linear the curves, the more nearly constant the parameters. At the
bends, they vary enormously, especially ra and gn; w is the most
nearly constant.

ALTERNATING VOLTAGE AT THE GRID

In Fig. 9.7 we have an /u/Vg curve for a typical triode. As the
slope of the curve shows, its mutual conductance is about 31 to 4
mA/V for anode currents greater than about 4 mA, but less for
lower currents. Suppose that, as suggested in the inset to that
figure, we apply a small alternating e.m.f., v, to the grid of the
valve, what will the anode current do? If the batterics supplying
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anode and grid give 200 and —24 V respectively, the anode current
will set itself at about 5§ mA: point A on the curve.

If vz has a peak value of 0-5 V, the total voltage on the grid will
swing between —2 and —3 V, alternate half-cycles adding to or
subtracting from the steady voltage Eg. The anode current will
swing correspondingly with the changes in grid voltage, the points
B and C marking the limits of the swing of both. The current,
swinging between 74 and 4 mA, is reduced by 1§ mA on the
negative half-cycle and increased by the same amount on the
positive one. The whole is thercfore equivalent to the original
steady current with an alternating current of 13 mA peak
superposed on it.

There are two ways in which this a.c. in the anode circuit can be
usefully employed. It can be used for producing an alternating vol-
tage, by passing it through animpedance. If the voltage so obtained

112
la

A H
g 1 oo
+ © s
v <
- -_
v i A [ : ° j
o Y 3
& % | L R S i
Fig. 9.7—The result of applying i S s
an alternating e.m.f. (v;) to the e - a™ 6 w3
grid of a triode can be worked I+ -r-- o
out from the [,/ Vg curve, as 8 ey 5 z
lere. The tixed starting voltage, ., G
I, in this caseis — 25V i A g
K =}
8}

- 3
- [3 lél
! I 2 O
. z
J P 1 <

Ll
Ll
10 8 -6 -4 2 0

GRID VOLTAGE, Vg

is larger than the alternating grid voltage that caused it, we have a
voltage amplifier. Alternatively, if the alternating current is strong
enough it can be used to operate a loudspeaker or other device,
in which case the valve is described as a power amplifier. It is
this ability to amplify that has made modern radio and the many
kindred developments comprised in electronics possible. The
subject is so important that several chapters will be devoted to i,
beginning with Chapter 11.

GRID BIas
You may have been wondering why the grid of the valve has
never been shown as positive. The reason is that a positive grid
attracts electrons to itself. It is, in effect, an anode. The objection
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to this is not so much that it robs the official anode of electrons—
for up to a point it continues to increase the flow there as well as
to itself—but because current flowing in the grid circuit calls for
expenditure of power there. The full implications of this will
become clearer later on, but even at this stage it may be appreciated
that the existence of grid current would deprive the valve of one of
its most attractive features—its ability to release or control power
without demanding any.

To prevent the flow of grid current during use, a fixed negative
voltage, known as grid bias, is applied. The amount of bias
required is equal to—or preferably a volt or so more than—the
positive peak of the signal input voitage which the valve is expected
to accept. The reason for making the bias greater than the signal
peak is that some electrons are emitted from the cathode with
sufficient energy to force a landing on the grid against a negative
bias of anything up to about one volt.
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CHAPTER 10

Semi-Conduction: Transistors
VARIETIES OF CONDUCTION

DURING THE preceding chapters we have come across two ways
in which electricity can be conducted from place to place—or not
conducted, as the casc may be. Almost our first notion of elec-
tricity (p. 30) was that substances can be classified into conductors
and insulators according as their atoms have or have not clectrons
so looscly attached that the clectric field produced by an e.m.f.
can make them drift through the material in a particular direction.
Later (p. 116) we found that by means of heat it is possible to
detach electrons from matter and use them as an electric current
across the otherwise empty space in a vacuum tube or valve. The
reason for doing this is that it makes the current much easier to
control, especially at high speced. But because their positive
partners are left behind, the cloud of electrons in the space is an
unnecutralized negative charge which tends to repel those following,
so that a relatively high voltage is needed to keep up the flow,
making the valve appear to have a high rssistance. Later on
(p. 328) we shall learn that this can be overcome, at some sacrifice
of controllability, by admitting a small amount of matter in the
form of low-pressure gas, the atoms of which are split up into
positive and negative charges by the moving clectrons. Such
conduction has features in common with both metallic and
vacuum kinds.

Not all solid substances can be sorted into the two classes first
mentioned—good conductors and good insuiators. Some are in
between, conducting perhaps a million times less than copper, but
billions of times more than rubber. These are called senti-conductors.
In general, as regards the way they conduct and their consequent
electrical behaviour, they are more complicated than metallic
conductors.

GERMANIUM CRYSTALS

The semi-conductor of greatest practical interest at the present
time is germanium, but what is to be said about it applies in
principle also to silicon. Germanium is a comparatively rare
element, one of a small class that forms itself into crystals by the
process of every atom linking up with four other atoms. This
crystal structure is of course in three dimensions, but can be repre-
sented diagrammatically in two as in Fig. 10.1. Each of the circles
represents one atom. It has been found that the links between
are due to four electrons which each atom carries outermost. Now
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germanium, being No. 32 in the list of elements, carries altogether
32 electrons around its nucleus (p. 28), so the nucleus has a positive
electrical charge of 32 electron units. But all except four of the
clectrons arc closely bound to the nucleus, so for our present
purpose we shall regard them as lumped together with it to form

N = — /TN~ — /T N— N
+4) \+4 (+4 “(+4
— = -— { —

“{+4) (+4) —{+4) T(+4)7
— T— - T~

()= - i C T I Y

i

Fig. 10.1—Diagrammatic representation of the four-fold linkage of
germanium atoms to form a perfect crystal. The *‘ valency *
electrons rcsponsible are shown as four rninus signs

the main part of the atom, having a net positive charge of four units
to balance the four linking electrons. These particular clectrons,
by the way, are the ones responsible for chemical combination with
other elements, so are known by the chemists’ term as valency
electrons.

HoLEs

A crystal of this kind, if perfect, would have no electrons free to
roam around and would therefore be a perfect insulator. But for
various reasons it never is. One reason is that at ordinary room
temperatures there is enough heat cnergy to shake out a valency
clectron here and there, leaving behind a place with an electron
short. Now ““an electron shoit ™ is, in effect, a positive charge;
and the curious and interesting thing is that this shortage can wander
about and cause conduction, almost like the loose electron. Although
the exact way in which this happens is difficult to understand, the
general effect can be pictured by imagining a row of patients sitting
in a doctor’s waiting room (Fig. 10.2). The patient in seat No. |
has just been called to the consulting room, leaving that scat vacant.
The patient in No. 2 moves forward into No. 1 so as to be ready;
No. 3 moves into No. 2; and so on, until the situation is as at b.
The empty seat has “ drifted ” the whole length of the room,
although no patient has moved more than a small fraction of that
distance. The doctor’s call has not only “attracted ” a patient but
has also * repelled >* a vacant seat. It is more convenient to look
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Fig. 10.2—Plan view of a doctor’s waiting room scated for eight: (a) while
a patient is moving into the consulting room, and (b) a few moments later
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at the matter in this way than to regard all the separate movements
of patients.

In semi-conductor electronics the *“ vacant seat ™ is termed a hole.
For practical purposes a hole can be regarded as equivalent to a
mobile electron, except for its being positive instead of negative.
When a meter reads 1 mA it could be due to 6-24 x 10 electrons
per second moving through it one way, or an equal number of
holes the other way—or a mixture of both. Conduction caused by
heat disturbance is therefore two-fold; each electron released
creates a hole, and when aa e.m.f. is applied the current made up
of electrons moving towards thc positive terminal is augmented
by holes moving towards the negative terminal. Even so, the
combined number falls far short of the free electrons in a good
conductor, so the result is only semi-conduction.

It must be emphasized that strictly speaking a hole does not move.
any more than a chair moved through the consulting room. But
the net result is the same as if it did, and it is easier to take account
of the apparent movement of a hole than of the enormous number
of very short electron movements that actually cause it.

INTRINSIC CONDUCTION

A more comprehensive model of a semi-conductor could be made
by parading a large number of small balls on a flat table in rank-
and-file formation to represent the crystalline structure of Fig. 10.1.
They could be held in place by resting in shallow depressions in the
table. A difference of potential would be represented by tilting
the table very slightly, the upper end being * negative ”.  Such a
tilt would cause no movement of balls (electrons), except perhaps a
slight lurch to the side of each cup nearest the * positive end,
representing a displacement or capacitive current (p. 53). This is
like a crystal at a very low temperature, when it is an insulator.

The effect of raising the temperature could be shown by making
the table vibrate with increasing vigour. At a certain intensity a
ball here and there would be shaken loose, and on a perfectly level
table (no e.m.f.) would wander around at random. In doing so it
would sooner or later fall into a hole—not necessarily the one from
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which it came. There would therefore be some random “movement”’
of holes. At any given degree of vibration (temperature) a balance
would eventually be reached between the rate of shaking loose
and recombination, but the greater the vibration the greater the
number of free electrons and holes at any one time, and the greater
the drift of balls towards the “ positive ” end of the table when
tilted. One result of this movement would be a tendency for more
holes to be reoccupied at the lower end than the upper; in effect,
there would be 2 movement of holes up the table towards the
negative end.

To represent a sustained e.m.f. it would be necessary for the balls
that reached the bottom of the table to be conveyed by the source
of the e.m.f. to the top end, where their filling of the holes would be
equivalent to a withdrawal of the holes there.

If you have been able to visualize this model sufficiently you
should by now have gathered that at very low temperatures a
germanium crystal is an insulator, but that as the temperature rises
to ordinary room level and higher it increasingly conducts. In
other words its resistance falls, in contrast to that of nietals, which
rises with temperature.

This sort of conduction is called intrinsic, because it is an
inescapable property of the material itself.

A similar effect is caused by light; a fact that is turned to ad-
vantage in the use of semi-conductors as light detectors and
measurers.

Unless a substance crystallizes under ideal conditions, it tends to
be a jumble of small crystals, at the boundaries of which there are
numerous breaks in the regularity of the lattice; this is yet another
cause of conduction.

EFFECTS OF IMPURITIES

So far we have assumed that our crystal, however it may be
disturbed by heat, light, or its original formation, is at least all of
one material—germanium. In practice however it is never perfectly
pure. Now if perchance the impurities include any clement having
five valency electrons (such as phosphorus, arsenic or antimony)
its atoms will be misfits. When they take their places in the crystal
lattice—as they readily do—one clectron in each atom will be at a
loose end, more or less free to wander and therefore to conduct.
Such an incident is represented in Fig. 10.3. Intruding atoms that
yield spare electrons are called donors. 1t might be supposed that
because each surplus electron leaves behind it an equal positive
charge it thereby creates a hole, but it should be understood that
the technical term * hole ” applies only to a mobile positive charge.
In this case the positive charge is in the nucleus, and, as all four
valency clectrons needed for the lattice are in fact present, there is
no vacancy into which a strolling electron can drop. Therefore the
positive charges are fixed, and conduction is by electrons only.
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Fig. 10.3—Showing how the
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Because electrons are negative charges, germanium with donor
impurity is classified as n-zype.

An incredibly small amount of impurity is enough to raise the
conductivity appreciably; something of the order of one part in a
thousand million (10%)—far less than can be detected by the most
sensitive chemical analysis.

Some otler elements, such as aluminium, gallium and indium,
have three valency electrons per atom; and when any of these
substances is present as an impurity the situation is the opposite
of that just described. The vacancy in one of the four links con-
stitutes a hole. This is lfable to borrow an electron from some other
atom, giving the effect of movement by holes. The impurity atom
in this case is an acceptor. Note that when the hole has migrated
from the acceptor—in other words, an electron from elsewhere has
filled up or cancelled the hole in the acceptor atom—that atom
constitutes a negative charge, because its main body has oaly three
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net positive charges to offset what are now four valency electrons;
but such negative charges are fixed and take no direct part in current
flow. Because conduction is by holes only, which are positive
charges, germanium with acceptor impurity is called p-type.

So far as impurity conduction is concerned, we sce that the
germanium itself plays only a passive part, as a framework for the
broken impurity atoms. In the diagrams that follow, it will
therefore be omitted in order to focus attention on those relatively
very few atoms. Fig. 10.5 shows the standard symbols used for
this purpose. The mobile charges—clectrons and holes—are
represented by simple minus and plus signs respectively; and the
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Fig. 10.5—Simplified representation of pieces of impure germanium, showing only
the electric charges of broken impurity atoms. In p-type material the mobile charges
are predominantly positive (holes), and in n-type material negative (electrons)

fixed charges—donor and acceptor atoms—are distinguished by
circles around them. Although these atoms arc all members of
the crystalline lattice, they are such a small minority that the pattern
can no longer be discerned.

One might ask what happens when both donor and acceptor
impurities are present at the same time. The answer is that they
tend to cancel one another out, and when present in cqual quantities
the germanium is much as if it had no impurity at all. But although
this compensation as it is called is used for converting n-type into
p-type (or vice versa) by adding more than enough opposite impurity
to neutralize the impurity already present, the balance would be
too fine to enable heavily contaminated germanium to be made
apparently pure by the same method.

P-N JuncrTions

We can have, then, p-type material, in which conduction is by
positive holes; a-type, in which it is by ncgative electrons; and
what is sometimes called i-type (for “ intrinsic ”’), in which it is by
both in equal numbers. None of these by itself is particularly
useful; it is when more than one kind are in contact that things
begin to happen. Just bringing two pieces together is not good
enough, however; the combination has to be in one piece, divided
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into two or more regions having different impurities. Various
manufacturing methods have been devised for achieving this.

Fig. 10.6a shows in standard diagram such a combination, forming
what is known as a p-n junction. Even when no electric field is
created by an e.m.f., mobile charges tend to move by what is called
diffusion into a uniform distribution. Some of the holes in the p
region therefore move across the junction into the relatively holeless
territory beyond, and eclectrons move oppositely. Both these
migrations are an electric current from p to n, son begins to charge
positively and p negatively. A potential difference thus grows
between p and n of such polarity as to discourage further migration,
until it is just sufficient to bring it to a halt. This steady balance is
indicated in Fig. 10.6a by the slight redistribution near the junction,
which produces an excess of negative charge on the p side and of
positive charge on the n side. An alternative way of indicating this
difference of potential is shown at b. The difference amounts to a
few tenths of a volt.

Next, consider what happens when an external e.m.f. is applied.
If the polarity is as shown at c it attracts the free electrons to itself,
leaving more donor charges in the n region unneutralized; similarly
the holes in the p region arc swept to the left. When this process
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Fig. 10.6-—Some mobile charges stray across an undefended frontier (¢) causing an

excess ol negative on the p side and positive on the »n side; this can be represented

symbolically as at b. An external e.m.f. connected + to n {c) increases this p.d.

against itself, sealing the circuit against current flow; but with -I- to p (.{) it reduces
or even removes the p.d. and current tlows freely
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has gone far enough for the p.d. between the regions to build up to
that of the battery, another no-current balance is established. In
other words, to an e.m.f. of this polarity the junction behaves as a
non-conductor. Fig. 10.6b indicates this quickly in a general sort
of way by the fact that the imaginary internal battery is in opposition
to the external one, which is described as a reverse e.m.f. What it
fails to show is that the voltage of the internal one rises to equal
that of the external. In fact, the junction behaves to a reverse
e.m.f. rather like a capacitor (p. 50).

Suppose however that the external e.m f. is applied the other way
round, as at . The direction of its field makes electrons move to
the left and holes to the right; but this time the flow continucs
because the external e.m.f. is of such a polarity as to be able to
replenish the supply of both. So although the flowing of holes
and electrons through one another’s territory causes some electrons
to fill holes, cancelling both, the numbers do not diminish.

In relation to Fig. 10.6b we sce that the internal ** battery > assists
the external, which means that the external is connected the right
way for current flow—the forward direction. The internal p.d. is
however reduced by the holes flowing from the left and electrons
from the right.

THE GERMANIUM DioDE

In short, a p-n junction is a rectifier. The foregoing explanation
of why it rectifies may seem complicated in comparison with the
action of the vacuum diode (p. 117), so let us look at them side by
side, as in Fig. 10.7. Here diodes of both vacuum and p-n junction
types are connected both ways across a battery. At a we are
reminded that current can consist either of negative charges flowing
to - or positive charges to —. Or, of course, both at once. When
a vacuum diode is connected as at b, current can flow, because the
heated cathode is an emitter of electrons, which are negative charges.
But when reversed, as at ¢, there is no current, because the anode
does not emit electrons. And ncither electrode emits positive
charges. In a p-n diode connected p to + as at d, current flows,
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Fig. 10.7—Showing how in diodes the presence or absence of
current depends on the prescnce or absence of the right kind of
current-carriers
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because the n region emits electrons, and because the p region
emits holes, which are positive charges. When reversed (e) both
regions emit the wrong charges, so there is no current.

The germanium diode rectifier has some important advantages
over the vacuum type: it nceds no cathode heating; it is less fragile:
and the emitted electrons do not form a space charge tending to
oppose the anode voltage, because their charge is neutralized in
the crystal by the fixed positive charges, so less voltage is lost in the
diode when current flows and as a rectifier it is more efficient.

On the other hand there are one or two complications. So far
we have ignored the intrinsic conduction which, as we have seen,
results from the releasing of clectrons and holes in equal numbers
throughout the material, so does not depend on the direction of the
e.m.f. To the extent that it is present, thercfore, it reduces the
effectiveness of a semi-conductor rectifier by allowing current to

SELF-CAPACITANCE

/
Fig. 10.8—Two imperfections of a semi- ANODE
conductor rectifier can be rcprcscntcdd by S INTRINSIC
circuit components in parallel with an ideal CURRENT‘ .
rectifier CONDUCTION
CATHODE

flow the “ wrong ~ way. It is as if the rectifier were shunted by a
conductor. One cause—light—can easily be excluded by an opaque
covering. But the amount of heat at ordinary temperatures is
sufficient for the reverse (or leakage) current of a germanium diode
to be appreciable, and it approximately doubles with every 9° C rise
in temperature. This is one of the most serious limitations of
germanium. In this respect silicon is an attractive alternative
because its intrinsic conductivity is about a thousand times less.

Then the capacitor action mentioned above is another limitation,
for it allows current to flow the wrong way in proportion to
frequency. So the junction type—and especially those with
sufficiently large junction arcas to pass heavy current without serious
rise in temperature—are unsuitable for high frequencies.

A junction rectifier therefore behaves somewhat as if it were
composed as shown in Fig. 10.8, where the symbol on the left is the
general symbol for a semi-conductor rectifier.

The miniature germanium rectifiers or diodes used so extensively
in television receivers and elsewhere arc mainly of the point-contact
type, consisting of a small piecc of n-type crystal with a_ pointed
springy wire impinging on it, enclosed in a glass bulb (Fig. 10.9).
During manufacture a pulse of current is passed, which has the
effect of giving p-type characteristics to the germanium immediately
surrounding the point. Because of the small arca of the boundary
so formed, the capacitance is less than in the junction type, so
these diodes are effective at much higher frequencies tlhian the
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Junction type. A widc varicty of characteristics arc obtainable
by varying the impurity of the germanium and other details,
but the general form is as shown in Fig. 10.10. When the reversc
voltage is increased a point is rcached where the current increases

Vs
(FORWARD)

GERMANIUM WIRE
CATHODE ANODE
\K\‘——-——_ = V/(REVERSE) Y(FoRwaRD)
=== 7PN D
\S—) 7
(REVERSE)
Fig. 10.9—Construction of a point- Fig. 10.10—Typical characteristic
contact germanium rectifier curve of a germanium rectifier

rapidly, even if the voltage is then reduced. This point is called
the turnover, and with the purer kinds of germanium may be as
high as 200 V. The less purc kinds arc better for high frequencies
—some are cffective beyond 1,000 Mc/s—but the working voltages
arc much lower.

THe JUNCTION TRANSISTOR

Remembering how greatly the usefulness of the thermionic
valve was increased by adding a third electrode to the original diodc,
we can hardly be surprised that attempts were made to do the same
with the semi-conductor diode. These ciforts were successful, and
the result is known as a transistor. Tt has already displaced the
thermionic valve in some applications, and is finding its own new
applications.

The first transistors werc point-contact, but for purposes of
cxplanation it is easier to begin with the junction type. In its usual
form this is a sandwich of n-type germanium with a very thin

Fig. 10,11—A (ran-
sistor triode consists
of two semi-conductor

diodes back-to-back. Fig. 10.12 — Applying

When it is connected bias of the right polarity

like this, very little (o the middle layer causes

current  can o pass increased current between
cither way the outers

illing of p-type, shown diagrammaticatly in Fig. 10.11, and called
an np-p-n transistor; or alternatively the opposite, p-i-p.  Either
way, it adds up to a pair of rectificrs back to back, so whichever
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direction an e.m.f. is applied from end to end one of the junctions
is in reverse, and apart from a normally small leakage current due
to intrinsic conduction no current will flow.

This is not very useful, so the next step is to give the p layer a
small positive bias (Fig. 10.12). This causes current to flow, which
is what one would expect of a rectifier biased in the forward direction.
What one might not expect, however, is that most of the current
flows from end to end through the original part of the circuit, only
a small part emerging from the p layer.

How is it that current can now flow freely in the “ wrong”
direction through the upper rectifier? The answer comes if we
recall, with the aid of Fig. 10.7 if necessary, why it is that current
cannot normally flow this way through a p-n junction—because the
only mobile charges present in substantial numbers in a p region
are holes, which are repelled rather than attracted by the positive
potential of the upper n region. But the lower n region has vast
numbers of mobile electrons, and making the p layer positive
attracts them into it. In other words, the lower » region emits
clectrons into what was an electron ** vacuum . This » region is
thercfore called the emitter, and it corresponds to the cathode of a
vacuum valve. The electrons thus brought into the p layer are
attracted by the positive upper n region, which is called the collector.
It corresponds to the anode of a valve. The amount of collector
current depends on the amount of bias on the p layer, which is
therefore analogous to a valve grid, and is called the base. Unlike
the other two names, this seems strangely inappropriate. The
recason for it, which will appear later, is historical rather than
functional.

If the grid of a valve were made positive like the base, electrons
would be attracted to it as well as to the anode, causing grid current.
And so it is in the transistor. But by making the base extremely
thin—about a thousandth of an inch or even less—so that clectrons
cntering it are only that distance from the collector, it has been
found possible to ensure that something like 95-99 per cent of the
emitter current reaches the collector. This fraction, slightly less
than 1, is distinguished by the symbol « (Greek * alpha”). The
collector current, /o, is therefore 20-100 times the base current,
Iv. needed to make it flow.

So, although in some ways a transistor is strikingly analogous to
a triode valve of the vacuum kind, there are important differences.
The valve is a rectifier connected to a supply voltage (h.t.) in the
right direction to make current flow through it. This current can
be either increased or decreased by applying grid bias, according to
whether it is positive or negative: but to avoid the flow of grid
current it is usual to make it negative, so that in practice the anode
cutrent is controlled downwards. The transistor, on the contrary,
laces the supply with a rectifier in reverse, so except for a small
leakage the normal state is no current. Biasing the base negative
would merely add another reversed rectifier to the score, so to
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obtain any useful result it is necessary for the bias to be positive;
and although under these conditions base current is inevitable it
enables a much larger collector current to be created and controlled.

As with the junction diode, the transistor does not contain an
unncutralized space charge to impede current flow, so only a few
volts are nceded at the collector—certainly not enough to be
dignified by the description “ h.t.” The base bias is small, too;
usually only a fraction of a volt.

CHARACTERISTIC CURVES

Let us go into the matter further, using the same test circuit as
for the triode valve (Fig. 9.4) except for the absence of cathode
heating, the addition of a milliammeter for base current, and
lower supply voltages, both of the same polarity relative to
emitter; sce Fig. 10.13.  With this set-up one could obtain
data for plotting a sct of //V. characteristic curves at a
number of fixed base voltages, similarly to what was donc with
the valve to produce curves of the Fig. 9.5 type. If we did we
would find that instead of the even spacing of the valve curves there

Ie
P COLLECTOR |
{mA BASE
i EMITTER

Fig. 10.13—Arrangement, similar to Fig. 9.4, for obtaining
characteristic curves of a transistor

would be crowding together at first, with progressive thinning out.
This would show that the changes in /. are not in constant proportion
to the changes in ¥} causing them. But by plotting the fe/Ve curves
at equal intervals of fixed base current, as in Fig. 10.14, we find
they are spaced with cven greater regularity than the valve curves.

This can be seen still more clearly by plotting /. against £, at a
fixed Ve, as in Fig. 10.15, which is strikingly linear.

Everything so far has referred to an n-p-n transistor, because
that is the type most easily compared with the triode valve. To
convert the n-p-n information to p-n-p, mercly substituie ““—*’ for
“~** everywhere, and *“ holes *’ for * clectrons .

TRANSISTOR PARAMETERS

Looking at Fig. 10.14 we sce at once, from the very slight slope
of the curves over nearly all their extent, that the collector a.c.
conductance is smaller than that of a typical triode valve;
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that is to say, its resistance is larger than such a triode’s ra.
For reasons that will appear later (p. 341), this resistance is not
called re. At Iy, = 0, the collector is working under reversed diode
conditions, so there is only intrinsic conduction. The electrons
responsible for it are so few that less than one tenth of a volt V¢
is sufficient to cause saturation. (Contrast forward saturation of
a vacuum valve, p. 118.) This /./V. curve therefore hardly rises
above the zero line, and being almost horizontal it indicates a
very high collector a.c. resistance indced. Ideally it is infinitely
large. As I, is raised, the rcsistance gradually falls, but even at
0-3 mA is still high by comparison with vacuum triodes. The
almost constant small /¢ at /» = 0 is given the special symbol /¢y, and
has only nuisance significance.

8 COLLECTOR
CCLLECTOR CURRENT,
CURRENT, |
1 c &l
c IN mA

_— - —J
] 02 03
BASE CURRENT./p, IN mA

"

COLLECTOR VOLTAGE. V¢

Fig. 10.15 — Collector-current/base-
current characteristic of transistor
connected as in Fig. 10.13

Fig. 10.14—-Collector currcnt/voltage
characteristic curves of an n-p-n
junction transistor

The mutual conductance, which is equal to the slope of the
1! Vb curve (compare p. 121), is not usually referred to, because this
slope varies so greatly, which is why we did not bother to plot it.
For the same reason the voltage amplificaton factor is also left
out of account. Instcad, attention is focused on the slope of the
I!Iy “ curve ”, which Fig. 10.15 shows to be remarkably constant.
For obvious rcasons it is called the current amplification factor.
We have already noted that the ratio of collector current to emitter
current (Io/Fe) is denoted by «, which is a little less than 1. Now
Ie is I and I combined:

]e &= [c‘l“]b
I (3
S0 *= It h
alotoalo = I¢
aly = (1—a)l¢
So the current amplification I =
Ip l—«

Various symbols are used for it, such as «', 8 (*“ beta "), xcp and ae.
The commonest is «', but we shall see later that there is much in
favour of ce.
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For broadly comparing one triode valve’s characteristics with
another’s it is sufficient to know any two of the three parameters
we have studied: ry, pand gn,. The third can always be very simply
calculated from the other two. For a transistor, because there is
base voltage and current, it is necessary to know at least four,
selected from a bewilderingly large list of possible parameters.
Unfortunately at the present time therc is no gencral agreement as
to which four.

This problem will be gone into in Chapter 22. In the meantime
it will be sufficient to remember that the current amplification
factor, ae, usually comes within the range 20 to 100, and that typical
values of collector-emitter and base-emitter a.c. resistance are 30 k(2
and 1 kQ respectively. /o should of course be as small as possible;
25 1A at room temperature is typical. The fact that the transistor
is current controlled, through quite a low input resistance, is the most
notable difference between it and the vacuum valve.

POINT-CONTACT TRANSISTORS

The original type of transistor, first announced in 1948, was a
modification of the germanium diode shown in Fig. 10.9, madc by
applying a second point contact very close to the first. One of
these contacts was named the emitter, the other the collector, and
the germanium electrode the base—a name more appropriate to
this type than for the functionally equivalent part of the junction
type. It has since been discovered that the process of forming the
transistor by applying current pulses via the point contacts converts
the germanium closely surrounding the points into p-type, so a
point-contact transistor can be classed as p-n-p. Like the p-n-p
junction type, it requires a negative collector voltage and a positive
emitter bias. Incidentally, it is helpful to remember that in all
transistors the supply voltages should bias the emitter in the forward
direction and the collector in the reverse direction.

The reason for placing the point contacts close together—usually
a few thousandths of an inch—is similar to that for using a thin
base Jayer in the junction type: putting it crudely, to enable holes
from the emitter to slip across easily to the collector instead of
emerging at the base terminal. In fact, in the point type of transistor
a given current change in the emitter changes the collector current
by a larger amount than itself; in other words, « instead of being
slightly less than 1 is usually about 2 or more. So instead of the
Wy source having to supply a small base current, a comparatively
large base current (from the collector) flows into the source against
its e.m.{. The reason for this is rathcr obscure, and investigation
has shown that the point transistor is really a good deal morc
complicated than a simple p-n-p system. The large « has far-
reaching effects on performance and use; in particular, point
transistors connected in Fig. 10.12 are unstable, and unless special
precautions arc taken in using them they are liable to pass excessive
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current and burn out. This tendency is increased by the working
parts being so small that they can safely handle only very small
amounts of power. They are also more noisy than the junction
type. For these and other reasons they are now rarely used.

TRANSISTOR SYMBOLS

The transistor symbol shown in Fig. 10.16a or b obviously dates
from the time when only point types were in existence; nevertheless
it is still commonly used to denote also p-n-p junction transistors.

COLLECTOR
EMITTER COLLECTOR
~C ¥
/ BASE
BASE EMITTER
(2) (b) (¢) (a)

Fig. 10.16-—(a and &) Usual symbol for transister (point-contact or

p-n-p junction types); the *‘ envelope’’ is optiomal. The n-p-n type

is distinguished by a reversed arrow head (c). Symbol J is more
appropriate to represent p-n-p junction types

The n-p-n type is distinguished by reversing the arrow head, as at .
Because it is confusing to represent a junction transistor by a
symbol which strongly suggests something quite different, various
more suitable alternatives have been suggested. Fig. 10.16d is a
particularly convenient example, suitable for medern circuits, and
is used in this book to replace the one in Fig. 10.13, which, though
suggestive of the construction, is awkward to draw by hand.
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CHAPTER 11

Amplification

A Vicious CIRCLE

CHAPTER 9 ENDED with the disclosure that an alternating voltage
applied to the grid of a valve is reproduced in the anode circuit as
an alternating current. Then in the last chapter we saw that a
current fed to the base of a transistor is reproduced in the collector
circuit as a much larger current.

Simply having an alternating current flowing in the anode or collec-
tor circuit through the battery or other source is no help to anyone.
To be of use the a.c. must be used in something, and that something
is bound to offer some impedance to the current. Consequently the
voltage across the something—which is officially termed the Joad—
is bound to vary; and, since the battery maintains a steady voltage,
that variation must be passed on to the valve.

This complicates matters, because the mutual conductance gm
(or the I/ Vg graph) which tells us how much the anode current /,
will be changed by a given change in Vg is based on the assumption

Fig. 11. 1—Simple voltage-amplifier
circuit

that meanwhile V¥, does not change. The anode resistance ry (or
the faf V,, graph) tells us how much /, depends on V4, but the awkward
thing in this case is that in order to find how much V; varies we
have fo know how much /; varies, and to find that we have to know
how F, varies.

Take for example Fig. 11.1, which is the same circuit as in Fig. 9.7
with the addition of an anode load. To avoid frequency compli-
cations let us make it a simple resistance, R. It would be easy to
calculate the output alternating current if R were not there; it
would simply be equal to the alternating grid voltage multiplied by
the anode current per grid volt—in brief, vggm. But the a.c. through
R makes V, alternate, so our gm no longer holds good. If we
knew the amount of the a.c. we could calculate how much ¥V,
alternates, but we do not.
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THE LoAaD LINE

One way of breaking this vicious circle is by means of a set of
Is/Vs curves. To avoid having to look back at Fig. 9.5, here in
Fig. 11.2 is another set, more typical of an actual valve. Let us
suppose that the anode supply voltage is 240, and R is 20 k2. We
can then at once say what V; will be when any given anode current
is flowing. When I, = 0, the voltage drop (which, of course, is
equal to IR) is also zero, and thercfore the full battery voltage
reaches the anode; Vo, =240 V. When I = 1 mA, LR is 20 V,
s0 Vo = 240—20=220 V. When I, =2 mA, Va =200 V. And
so on. Plotting all these points on Fig. 11.2, we get the straight
line marked “ R = 20 kQ . The significance of this line is that
it marks out the only combinations of I and V, that are possible
when the resistance R is 20 kQ. Since R is a load resistance, the
line is called a load line. Tt would be equally easy to draw a load
line for R = 10 kQ or any other value.

At the same time, the valve curves mark the only possible
combinations of I and Fa, when that particular valve and Vy are
used. So when that valve and that resistance arc used together
the only possible combinations of I, and F, are those marked
by points located both on the load line and on the appropriate
valve curves; for example, point A, which indicates J, = 3} mA at
Va =170 V. A current of 3} mA flowing through 20 kQ drops
31 x 20 = 70 V, so the total voltage to be supplied is 170 + 70 =
240 V, which is correct.  Since the valve curve on which A falls is
marked “ Vg = —2-5 V ”, that is the only grid voltage that will
satisfy all the conditions mentioned.

VOLTAGE AMPLIFICATION

Suppose now we alter the grid voltage to — 1-5 V. The working
point (as it is called) must move to B, because that is the only point
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Fig. 11.2—The problem of finding the amplification of the valve in Fig. 11.1
is here worked out on an /a/Va curve sheet
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on both the *“ }g = — 1-5V ” curve and the load line. The anode
current rises from 3-5 mA to 4:6 mA—an increase of 1:-1 mA. The
voltage drop due to R therefore increases by 1-1 x 20 == 22 V.
So the voltage at the anode (¥/,) falls by that amount.

Note that a grid voltage change equal to 1 V has caused an anode
voltage change of 22 V, so we have achieved a voltage multiplication
—called amplification or gain—of 22. If the anode had been
connected direct to a 170 V battery there could of course have been
no change in V, at all, and the working point would have moved to
C, representing an /, increase of 3-3 mA. The reason why the
increase with R in circuit was only 1-1 mA was the drop of 22 V in
Va, which partly offset the rise in V.

Another thing to note js that making the grid less negative caused
the anode to become less positive. So an amplifier of this kind
reverses the sign of the signal being amplified.

THE ‘“ VALVE EQUIVALENT GENERATOR '

It would be very convenient to be able to calculate the voltage
amplification when a set of curves was not available and only the
valve parameters, p and r., were known. To understand how
this can be done, let us go back to Fig. 9.4 with its controls for
varying anode and grid voltages. First, leaving the Vg control
untouched, let us work the V. control. The result, indicated on
the milliammeter, is a variation in anode current. The same
current variation for a given variation in ¥ would be obtained if
an ordinary resistance equal to r. were substituted for the valve
(p. 119). Considering only the variations, and ignoring the initial ¥,
and /. needed to make the valve work over an approximately linear
part of its characteristics, we can say that from the viewpoint of the
anode voltage supply the valve looks like a resistance ra.

Now keep V. steady and vary Vg To the surprise of the Va
supply (which does not understand valves!), /a again starts varying.
If the Va supply could think, it would deduce that one (or both)
of two things was happening: either the resistance r. was varying,
or the valve contained a source of varying e.m.f. To help it to
decide between these, we could vary V, slightly—enough to check
the value of r. by noting the resulting change in /.—at various
settings of the V; control. Provided that we took care to keep
within the most linear working condition, the value of r, measured
in this way would be at least approximately the same at all settings
of Vg. So that leaves only the internal e.m.f. theory in the running.
We (who do understand valves) know that varying V; has p times
as much effect on /s as varying a voltage directly in the anode
circuit (namely, V).

So we can now draw a diagram, Fig. 11.3 (which should be
compared with Fig. 11.1) to show what the valve looks like from
the point of view of the anode circuit. Its behaviour can be
accounted for by supposing that it contains a source of e.m.f., uvg,
in series with a resistance, ro. We have already come across
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examples of substituting (on paper or in the imagination) something
which, within limits, behaves in the same way as the real circuit,
but is easier for calculation. One of them was a dynamic resistance

Fig. 11.3—The ** equivalent gener-
ator ** circuit of a valve, which can
be substituted for Fig. 1.1 for
purposes of calculating the per-
formance of the valve

in place of a parallel resonant circuit (Fig. 8.12). And now this
trick of the valve equivalent generator, which is one of the most
important and useful of all.

But “ within limits > must be remembered. In this case there
are two limits: (1) for a valve to behave like an ohmic resistance it
must be working at anode and grid voltages corresponding to
linear parts of its characteristic curves, and they are never perfectly
linear, so at best r. is no more than a good approximation to an
ohmic resistance; and (2) the initial values of Vi, Vg, and /. are
left out of account—they are merely incidental conditions necessary
to achieve (1)—and variations or signal voltages and currents within
the linear region are considered on their own. For example, if /4
is alternating between 3 mA and 5 mA, then the valve equivalent
generator regards only iy, the anode signal current, peak value 1 mA,
and ignores the initial 4 mA on which it is based.

It is failure to separate in one’s mind these two things (the supply
or feed current and the signal current) that Ieads to confusion about
the next idea—the minus sign in front of uve in Fig. 11.3. Some
people argue that, because a positive movement in vg (say from
—2.5 V to —1:5 V) increases I, the imaginary signal voltage uvg
must be positive. And then they are stuck to account for va, the
amplified signal voltage, being negative as we found on p. 125.
But if they realized that the feced voltage and current have nothing
to do with Fig. 11.3 they would avoid this dilemma. For it just
happens that the feed current flows anticlockwise round the circuit;
but as we are ignoring this there is nothing 10 stop us from adhering
to the established convention of reckoning voltages with respect to
the cathode. If the imaginary internal gemerator voltage were
+puvg, a positive signal vg on the grid would make the anode go
positive, which is contrary to the facts. To put this right by
turning the generator upside down and reckoning the cathode
voltage with respect to the anode is contrary to established con-
vention. The logical course is to reckon the generator voltage
{as -—prg.
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CALCULATING AMPLIFICATION

Now let us apply this valve equivalent generator technique to the
problem we set out to solve—finding the amplification of a valve.
The signal current /s in Fig. 11.3 is (by Ohm’s law) the signal e.m.f.
divided by the total circuit resistance: —puvg/(R + ry). The signal
output voltage, v,, is caused by this current flowing through R, so
is —pvgR/(R + ra). The voltage amplification (which is often
denoted by A) is va/vg, so

= KR
R 4+r

This minus sign agrees with our finding on p. 142. Let us apply
this to the case we considered with the help of Fig. 11.2. Using
the methods already described (p. 119 and p. 121) we find that in
the region of point A the valve in question has a rq of about 14-5 k(2
and ¢ about 39. Substituting these, and R == 20 k(2, in the formula:
A = —39 x 20/(20 4 14-5) = — 226, which agrees pretty well
with the figure obtained graphically. Since it is generally under-
stood that v, is in opposite phase to vg, the minus is often omitted.

A =

THE EFFECT OF LOAD ON AMPLIFICATION

The amplification formula that we have just used shows at once
that making R = 0 would make 4 = 0. It also shows that
making R so large that r, was negligible in comparison with it would
make A almost equal to u, which is the reason for calling this
parameter the amplification factor. What happens at intermediate
values of R can best be seen by using the formula to plot a graph
of A against R—the full-line curve in Fig. 11.4.* Lest this suggest
that the best policy is to use the largest possible R, it should be
mentioned that in order to keep r. from increasing too much it is
necessary to apply sufficient anode voltage to maintain the feed
current. If R were raised from 20 kQ to 100 kQ in order to raise
A from 22 to 34, an extra 80 X 3-5 =280 V would be needed
to keep at the same 3-5 mA working point. Any gain above about
two-thirds y is obtained at an uneconomical cost in supply voltage.

All these facts can be deduced also from Fig. 11.2.  For a higher
R than 20 kQ the toad line would be more nearly horizontal, and to
keep it passing through the same working point A it would have to
pivot around A so that its left-hand end would touch the voltage
scale at a higher point than 240 V. At the same time the anode
current would be kept more nearly constant as V¥, varied, so the
resulting variation in ¥, would necessarily be more nearly equal
to uvg.  And vice versa for lower values of R.

THE MAXIMUM-POWER Law
For some purposes (such as working loudspeakers) we are not
interested in the voltage output so much as the power output. This,

_* Logarithmic scales are used (p. 11) in order to cover wide ranges of values
without squeezing most of them into a corner. Sce also p. 148.
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Fig. 11.4—The full line shows how the voltage amplification depends on the value of
load resistance R. It is calculated for a valve with u = 39 and ra = 14-5 k(). The
dotted line shows the peak milliwatts delivered to R for a grid input of 1 V peak.

of course, is equal to iyvs or 2R (p. 47), and can therefore be
calculated by filling in the value of i» we found overleaf; namely
— uvg/(R 4+ rs). Denoting the power by P, we therefore have

1°=(—’”‘I )2R
R4+ nr :

A graph of this expression, for vg=1V, and p= 39 and
ra = 14-5 as before, is shown dotted in Fig. 11.4. The interesting
thing about it is that it has a maximum value when R is somewhere
between 10 kQ and 20 kQ. The only thing in the circuit that
seems to give any clue to this is ra, 14-5 kQ. Could the maximum
power result when R is made equal to r,?

It could, and does; as can be proved mathematically. This
fact is not confined to this particular valve, or even to valves in
general, but (since, you remember, it was based on Fig. 11.3) it applies
to all circuits which consist basically of a generator having internal
resistance and working into a load resistance. Making the load
resistance equal to the generator resistance is called Joad matching.

It does not follow that it is always desirable to make the load
resistance equal to the generator resistance. Attempting to do so
with a power-station generator would cause so much current to
flow that it would be disastrous! But it is true, and can be confirmed
by experiment, that the greatest power output for a given signal
voltage applied to the grid is obtained when the load resistance is
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made equal to the valve resistance ro. Again, the usual assumptions
about linear characteristics apply.

TRANSISTORS AND VALVES

The transistor seems to have fallen out by the way; can the
same procedure be applied for calculating its amplification, or
finding the most suitable load resistance? In principle, yes; but
its equivalent generator and the calculations are considerably more
complicated. So much so that beginners might find it discouraging
to study them in detail at this stage, and perhaps confusing to have
a mixture of valves and transistors in the various kinds of circuits
to be considered in the chapters that follow. Although transistor
circuits often look remarkably like the corresponding valve circuits,
this similarity is somewhat deceptive. Since all the circuits can be
considered in conjunction with valves, whose operation in them is
on the whole easier to follow, more detailed study of transistors
will be postponed to Chapter 22.

Advance notice is also given that use of the cathode of a valve
as the electrode common to input (grid) and output (anode) is not
the only arrangement possible; there are two others, using grid
(p. 276) or anode (p. 315) as the common electrode. The same
applies to the three electrodes of a transistor (p. 341).

VARIETIES OF AMPLIFICATION

On p. 144 we reckoned voltage amplification, A4, as the number
of signal volts received out of the valve per signal volt put in. The
same principle can be adopted with current amplification, such as
that obtainable from a transistor. In both cases one must
remember, of course, that the amplification actually given by a
valve or transistor in a circuit is not the same thing as its voltage
or current amplification factor, u or @e. The actual amplification
would only equal these factors if the load resistance of the valve
were infinitely great; or, for the transistor, zero; and usually
neither of these conditions is practical.

Account can also be taken of power amplification, the meaning
of which is obvious. The only question that might be asked is
how it applies to a valve, secing that care is taken to avoid expendi-
ture of any input power (p. 124). On that basis, provided any
power at all was delivered by the valve, its power amplification
would be infinitely great! It is true that for this reason the power
amplification of a valve is often really meaningless and would not
be quoted, but we shall see that in some circumstances, especially
at very high frequencies (p. 241), a valve requires appreciable input
power even when its grid is negatively biased.

The kind of amplification meant is sometimes indicated by a
subscript, thus: Ay, 4;, Ap.

DECIBELS

Suppose a 0:5 V signal is put into an amplifier which raises it to
12 V. This 12 V is then put into another amplifier which raises it
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to 180 V. Which amplifier amplifies most; the one that adds
11:5 V to the signal, or the one that adds 168 V? If we went by
thesc figures we would have to say the second, because it added so
many more volts to the signal than the first. In spite of this. most
people would say the first, because its 4 is 24 compared with 15
for the seccond. This instinct would be well-founded, because we
do not judge by the amount by which a sound is increased in strength,
but by the ratio in which it is increased. Doubling the power into
a loudspeaker produces much the same impression of amplification
whether it be from 50 to 100 mW or from 500 to 1,000.

This is like the way the ear responds to the pitch of sounds.
While it is pleased by combinations of sounds whose frequencies
have certain fixed ratios to one another, it can find no significance
at all in any particular additive frequency intervals, say an increase
of 250 c/s. Musical intervals are all ratios, and the significant
ratios have special names, such as the octave, which is a doubling
of frequency wherever on the frequency scale it may come. The
octave is subdivided into tones and semitones. ‘

The logical thing is to adopt the same principle with the strength
of sound or electrical signals, and reckon amplification—or indeed
any change in power—in ratios. Instcad of the 2 to | ratio, or
actave, a power ratio of 10 to | was chosen as the unit. The
advantage of this choice is that the number in such units is simply
cqual to the common logarithm of the power ratio. It was named
the bel (abbreviation: B) after A. Graham Bell, the telephonc
inventor. So an amplifier that multiplies the power by 10 can be
said to have a gain of 1 bel. A further power multiplication by 10,
giving a total of 100, adds another bel, making 2 bels.

The bel, being rather a large ratio for practical purposes, is
divided into 10 decibels (dB). One tenth of a 10 to 1 ratio is not at
all the same as one tenth of 10; it is 1-259 to 1. If you have any
doubts, try multiplying 1 by 1-259 ten times.

So a gain of 1 dB is a 25-9 % increase in power (which, incidentally,
is about the least that is easily noticeable in a sound programme).
The voltage or current increase giving a 25-9 9 increase in power is
12:29, provided that the resistance is the same for both voltages
(or currents) in the ratio, because power is proportional to the
square of voltage or current (p. 47). The fact that a voltage or
current decibel 1s a smaller ratio than a power decibel does not
mean that there are two different sizes of decibels, like avoirdupois
and troy ounces; it ariscs because the ratio of volts or amps is
smaller than the ratio of power in the same situation. Decibels
are fundamentally power ratios.

If 1 is multiplied by 1-259 three times, the result is almost 2, so
a doubling of power is a gain of 3dB.  Doubling voltage or current
quadruples the power, so is a gain of 6 dB. A table connecting
decibels with power and voltage (or current) ratios is printed on
p. 376. Since the nunmber of bels is logy, Pu/Py. or 2 logy Va/V,
(where P,/P, is the power ratio and ¥,/V, the voltage ratio) the
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number of decibels is 10 log,, Po/P, or 20 log,o V,/V,. I Fig. 0-5a
is a scalc of dB, then b is the same scale in power ratios. The dB
scale, being linear, is obviously much easier to interpolate (i.e., to
subdivide between the marked divisions). Fig. 11.4 would be
improved if the logarithmic voltage-ratio scale were replaced or
supplementced by a uniformly divided scale with its 0 at 1 and its
20 at 10, which would indicatc dB.

An advantage of working in dB is that instcad of having to
multiply successive changes together to give the net result, as with
the A figures, they are simply added. A voltage amplification
(Av) of 24 is+ 27-6 dB, and 4y = 15 is +23-5 dB, so the total
(Ar = 360) is 4- 51-1 db. The + indicates amplification or gain;
attenuation or loss shows as a —. For instance, if the output
voltage of some circuit were half the input, so that the power was
onc quarter—i.e., a power “ gain ™ of 0-25—the 1 to 4 power ratio
would be denoted by the same number of dB as 4 to 1, but with
the oppositc sign: —6 dB. Zero dB, equivalent to 4 = 1, means
** no change .

Another advantage is that when gain is graphed against something
clse, as for cxample in Fig. 11.4, the shape of the curve is unaffected
by a gain or loss of an equal number of dB all over. The same curve
plotted to an A4 scale would be distorted.

An important thing to realize is that decibels are not units of
power, still Icss of voltage. So it is nonscnse to say that the output
from a valve is 20 dB, unless one has also specified a reference level,
such as 0 dB = 50 mW. Then 20 dB, being 100 times the power,
would mean 5,000 mW.
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CHAPTER 12

Oscillation

GENERATING AN ALTERNATING CURRENT

IN THE LAST FEW chapters we have considered alternating currents
in a variety of circuits, but have taken the generator of such currents
for granted, representing it in diagrams by a conventional symbol.
The only sort of a.c. generator actually shown (Fig. 6.2) is incapable
of working at the very high frequencies necessary in radio, and
produces a square waveform which is generally less desirable than
the ““ ideal > sine shape (Fig. 5.2).

The alternating currents of power frequency—usually 50 ¢/s in
Great Britain and many other countries—are generated by rotating
machinery which moves conductors through magnetic fields pro-
duced by electromagnets (p. 62). Such a method is quite impractic-
able for frequencies of millicns per second. This is where the
curious properties of inductance and capacitance come to the rescue.

THE OsCILLATORY CIRCUIT

Fig. 12.1 shows a simple circuit comprising an inductor and a
capacitor in parallel, connected between the anode of a valve and
its positive source. The valve is not essential in the first stage of
the experiment, which could be performed with a battery and
switch, but it will be needed later on. With thc grid switch as
shown, there is no negative bias, and we can assume that the anode
current flowing through the coil L is fairly large. It is a steady
current, and therefore any voltage drop across L is due to the
resistance of the coil only. As none is shown, we assume that it
is too small to take into account, and therefore there is no appreci-
able voltage across L and the capacitor is completely uncharged.

-
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Fig. 12.1—Valve-operated device for
setting up oscillations in the circuit LC
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Fig. 12.2—Sequence of events in Fig. 12.1 after the switch has been
moved to B. Stages a to ¢ cover one complete cycle of oscillation

The current through L has set up a magnetic flux which by now has
recached a stcady state, and represents a certain amount of enecrgy
stored up, depending on the strength of current and on the
inductance L. This condition is represented in Fig. i2.2 by «, so
far as the circuit LC is concerned. The conventional direction of
current (opposite to electron flow) is indicated.

Now suppose the switch is moved from A to B, putting such a
large negative bias on the grid that anode current is completely
cut off. Ifthe current in L were cut off instantanecously. an infinitely
high voltage would be self-induced across it (p. 63), but this is
impossible owing to C. What actually happens is that directly the
current through L starts to decrease. the collapse of magnetic flux
induces an e.m.f. in such a direction as to oppose the decrease, that
is to say, it tends to make the current continue to flow. It can no
longer flow through the valve, but there is nothing to stop it from
flowing into the capacitor C, charging it up. As it becomes charged,
the voltage across it rises (p. 50), demanding an increased charging
voltage from L. The only way in which the voltage can rise is for
the current through it to fall at an increasing rate, as shown in
Fig. 12.2 between « and b.

After a while the current is bound to drop to zero, by which
time C has become charged to a certain voltage. This state is
shown by the curves of 7 and V' and by the circuit sketch at the
point . The magnetic field has completely disappeared, its energy
having been transferred to C as an electric field.

The voltage across C must be balanced by an equal voltage
across L, which can result only from the current through L con-
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tinuing to fall at the same rate; that means it must become negative,
reversing its direction. The capacitor must therefore be discharging
through L. Directly it begins to do so it inevitably loses volts,
just as a punctured tyre loses pressure. So the rate of change of
current (which causes the voltage across L) gradually slackens
until, when C is completely discharged and there is zero voltage, the
current is momentarily steady at a large negative value (point c).
The whole of the energy stored in the electric field between the
plates of C has been returned to L, but in the opposite polarity.
Assuming no loss in the to-and-fro movement of current (such as
would be caused by resistance in the circuit), it has now reached a
negative value equal to the positive value with which it started.

This current now starts to charge C, and the whole process just
described is repeated (but in the opposite polarity) through d to e.
This second reversal of polarity has brought us to exactly the same
condition as at the starting point a. And so the whole thing starts
all over again and continues to do so indefinitely, the original store
of energy drawn from the battery being forever exchanged between
coil and capacitor; and the current will never cease oscillating.

It can be shown mathematically that voltage and current vary
sinusoidally.

FREQUENCY OF OSCILLATION

From the moment the valve current was switched oft in Fig. 12.1
the current in L was bound to be always equal to the current in
C (shown by the curve I in Fig. 12.2) because, of course, it
was the same current flowing through both. Obviously, too,
the voltage across them must always be equal. It follows that the
reactances of L and C must be equal, that is to say 2af L = 1/2=fC.
Rearranging this we get fo = 1/27+/LC, where fo denotes frequency
of oscillation. This is the same as the formula we have already had
(p. 105) for the frequency of resonance. It means that if energy is
once imparted to an oscillatory circuit (i.e., L and C joined together
as shown) it goes on oscillating at a frequency called the natural
frequency of oscillation, which depends entirely on the values of
inductance and capacitance. By making these very small—using
only a few small turns of wire and small widely-spaced plates—very
high frequencies can be generated, running if necessary into hundreds
of millions per second.

DAMPING

The non-stop oscillator just described is as imaginary as perpetual
motion. It is impossible to construct an oscillatory circuit entirely
without resistance of any kind. Even if it were possible it would
be merely a curiosity, without much practical value as a generator,
because it would be unable to yield more than the limited amount of
energy with which it was originally furnished. After that was
exhausted it would stop.
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The inevitable resistance of all circuits—using the term resistance
in its widest sense (p. 48)—dissipates a proportion of the original
energy during each cycle, so each is less than its predecessor, as in
Fig. 12.3. This effect of resistance is called damping; a highly
damped oscillatory circuit is one in which the oscillations die out
quickly. If the total effective series resistance r is equal to 24/L/C

+
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Fig. 12.3.—The first few cycles of a train of damped oscillations

VOLTAGE OR CURRENT

the circuit is said to be critically damped; with less resistance the
circuit is oscillatory, with more it is non-oscillatory and the voltage
or current does not reverse after the initial kick due to an impulse
but tends towards the shape shown in Figs. 3.6 and 4.9.

THE VALVE-MAINTAINED OSCILLATOR

What we want is a method of keeping an oscillator going, by
supplying it periodically with energy to make good what has been
usefully drawn from it as well as what has unavoidably been lost
in its own resistance. We have plenty of energy available from
batteries, etc., in a continuous d.c. form. The problem. is to apply
it at the right moments.

The corresponding mechanical problem is solved in a clock.
The pendulum is an oscillatory system which on its own soon
comes to a standstill owing to frictional resistance. The driving
energy of the mainspring is * d.c.”” and would be of no use if applied
direct to the pendulum. The problem is solved by the escapement,
which is a device for switching on the pressure from the spring once
in each oscillation, the ** switch ” being controlled by the pendulum
itself.

Turning back to Fig. 12.1 we have the oscillatory circuit LC which
is set into oscillation by moving the switch from A to B at the stage
marked a in Fig. 12.2. By the time marked e a certain amount of
the energy would have been lost in resistance, but by operating the
switch from B to A at point ¢ the current will be built up to its full
amplitude, at the expense of the anode battery, by the time e is
reached.

What is needed, then, is something (an actual switch is not
practicable for high frequencies) to make the grid more negative
from a to ¢ and more positive from ¢ to e, and so on for each cycle.

At the frequency of oscillation the circuit LC is effectively a high
resistance (p. 109). So we have all the essentials of a resistance-
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coupled amplifier (p. 140). Because the valve amplifies, quite a
small part of the oscillating anode voltage, if applied to the grid,
would release sufficient emergy from the anode battery to cancel
losses. From a to c¢ the anode is more positive than its average,
and from ¢ to e more negative, which is just the opposite to what we
have just seen to be necessary at the grid. We have already noticed
(p. 142) that in a stage of valve amplification the anode voltage is
opposite in polarity to the grid voltage causing it.

Suppose, as in Fig. 12.4a, a small generator of the required
frequency is available to apply an alternating voltage vg to the grid.
LC at that frequency being equivalent to a resistance, an amplified
voltage v, A times as large, appears across it (Fig. 12.4b). 1f now
a fraction 1/4 of this output voltage is turned upside down and

Fig. 12.4—Diagram b shows the relative amplitude and phase of giid and
anode voltages when their frequency is the same as the natural frequency
of the circuit LC

applied to the grid there is no need for the generator; the amplifier
provides its own input and has become a generator of sustained
oscillations, or, briefly, a valve oscillator.

VALVE OSCILLATOR CIRCUITS

The most obvious practical method of doing what has just been
described is to connect a coil in the grid circuit and couple it
inductively to L until it has induced in it sufficient voltage to
* oscillate ” (Fig. 12.5). The arrow indicates a variable coupling,
obtained by varying ths distance between the coils. The grid coil—
called a reaction (or, more precisely, retroaction) coil—can be
connected either way round in the circuit; one of these ways gives
the reversal of sign necessary to maintain oscillation. The reaction
process is sometimes called positive feedback. When the coupling
is sufficiently close and in the right direction for oscillation it is
not necessary to take any trouble to start it going; the ceaseless
random movements of clectrons in conductors (p. 30) are enough to
start a tiry oscillation that very quickly builds up.

If the grid and anode are connected to opposite ends of the
oscillatory coil, and some point in between is connected through
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the anode battery to the cathode and is thercby kept at a fixed
potential, the alternating grid voltage is always opposite to the
alternating anode voltage, and can be adjusted in relative magnitude
by choosing the tapping point on L (Fig. 12.6). Two extra com-
ponents arc required, becausc if the grid were connected straight
to the coil it would receive the full positive voltage of the anodec
battery which would upset things badly (p. 124). Cg is used as a
blocking capacitor to stop this (p. 55), and R is used 1o convey a
suitable grid bias. The capacitance of Cg is sufficient for its react-
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Fig. 12.6—The series-fed Hartley
Fig. 12.5—The reaction-coil circuit, showing parallel-fed grid
valve oscillator circuit bias using a grid leak R and
capacitor Cg
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ance to offer little obstruction at the oscillatory frequency compared
with the resistance of R, which is made large to prevent the alter-
nating voltage from being short-circuited through the bias source.
This circuit, known as the Hartley, is a very effective oscillator,
useful when the losses are so great that it might be difficult to
obtain sufficiently close coupling to get Fig. 12.5 to oscillate.
Fig. 12.6 shows thc series-fed varicty, so called because the anode
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Fig. 12.7— Parallel-fed Hartley Fig. 12.8-—Paraltel-fed Colpitts
circuit with the anode current circuit

supplied through a choke Ch.
The grid bias is series-fed
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feed current flows through the oscillatory circuit. The grid bias is
parallel-fed through R, sometimes called a grid leak.

In the parallel-fed Hartley (Fig. 12.7) the anode is connected
in this way, but to avoid loss of anode supply volts an inductor
Ch. known as a choke coil, is used instead of a resistance. The
grid is shown series-fed, but it is more often parallel-fed to allow
the coil to be connected to the cathode, which is usually earthed.
Moreover, for reasons to be explained in Chapter 16, the combina-
tion of Cg R and the valve generates its own grid bias and the
battery can be left out.

An alternative intermediate-potential point can be obtained on the
oscillatory circuit by * tapping  the capacitor instead of the coil,
in the Colpitts circuit, of which one variety is shown in Fig. 12.8.
In this the capacitance of C; and C, in series is made equal to that of
the one capacitor shown in the preceding circuits. The Colpitts is
particularly favoured for very high frequency oscillators. C, then
sometimes consists merely of the small capacitor formed by the grid
and cathode of the valve itself.

Another method of obtaining the necessary reversal between
anode and grid is to take advantage of the fact, shown in Fig. 8.2,
that when a current flows through a coil and capacitor in series the
voltages across them (neglecting resistance) are 180° out of phase
(i.e., in opposite directions). This coil and capacitor, L, and C,
in Fig. 12.9, are proportioned so that the reactance of L. and hence

T
Fig. 12.9—Tuned-anode tuned-grid {
(T.A.T.G.) oscillator circuit. ‘The phase-

reversing part of the circuit is C, (normatly
the valve itself) and L,

-
|
)
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1
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the voltage across it, is much less than that of C,, so that the voltage
across it is less and in opposite phase to that across C, and L,
combined, which voltage is the same as that across the oscillatory
circuit (battery voltages disregarded). In practice C, is usually the
capacitance between the anode and grid themselves, while the
inductive reactance between grid and cathode is adjusted by C,.
The name of this circuit, ‘* tuned-anode tuned-grid ”’, then seems
reasonable; but it should not be taken to mean that grid and anode
circuits are both tuned to the frequency of oscillation. If the
combination L, C, were so tuned, it would be equivalent to a
resistance, and not an inductive reactance as required; while LC
must also be slightly off tune so that it has sufficient reactance to
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shift the phase slightly to make up for the fact that the phase shift
in C,LC,, due to their resistance, is less than 180°.

The oscillator circuits shown in Figs. 12.5 to 12.9 look considerably
different from one another at first glance, and can be modified to
look even more different without affecting their basic similarity,
which is that they are all valve amplifiers in which the grid drive or
excitation is obtained by taking a part of the resulting anode alternat-
ing voltage and applying it in the opposite polarity, instead of going
to some independent source for it.

AMPLITUDE OF OSCILLATION

You might ask: what happens if the valve feeds back to its
grid a greater voltage than is needed to maintain oscillation? The
oscillation will grow in amplitude; the voltage at the grid will
increase; that will be amplified by the valve, increasing the output
at the anode; and so on. What stops it growing like a snowball?

Part of the answer is on p. 124, where it was pointed out that
if the grid is allowed to become positive with respect to the cathode,
it causes current to flow in that circuit and absorb power. When
the amplitude of oscillation has grown to the point at which this
loss of power due to grid current balances the surplus fed-back
power, it will remain steady at that level.

If the grid bias is increased in an effort to obtain a greater
amplitude of oscillation before grid current steps in to restrict it,
another limiting influence is felt.

Look at Fig. 12.10 showing some typical valve characteristic
curves of the same type as those in Fig. 11.2. Suppose the anode
voltage is 300 V and the grid bias — 5 V. Then any greater
amplitude (i.e., peak value) than about 5 V causes grid current.
Suppose also, for example, that the anode oscillatory circuit is
equivalent at its resonant frequency to a resistance R of 8 k(
(dynamic resistance) represented by the load line shown.* Then if the
grid voltage has an amplitude of 5 V, the anode voltage swings from
210 to 380 V; i.e., it has an amplitude of 85 V. If one-scventeenth
of this (5 V) is fed back to the grid in the correct phase, the conditions
for oscillation are fulfilled. Any tendency for a slight overcoupling
to the grid causes it to go positive, grid current flows, and by trans-
former action (p. 96) this is equivalent to a resistance load in
parallel with R, so reducing the anode voltage amplitude and hence
the voltage fed back to the grid. And so a brake is put on any
tendency for the amplitude of oscillation to increase indefinitely.

Now suppose the grid bias is increased, say to — 10 V. The
voltage amplitude at the grid can increase to about 10 V before
grid current flows. Drawing the appropriate load line in Fig. 12.10,
centred on Vg = — 10, we see that the negative half-cycle of grid
voltage cuts off the anode current altogether, so that it is distorted.

* Note that as the 8 k() applies only to a.c. of the resonant frequency, and not
to d.c., the voltage actually reaching the anode is practically the same as that of
the supply.
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Fig. 12.10—The oscillatory circuit LC is equivalent at resonance to a

high resistance R and the voltage across it can be derived from a load

line on the valve characteristic curves. From this follows the proportion
to be fed back to the grid to sustain oscillation

The whole conception of dynamic resistance was based on a
sinusoidal current (p. 71), and the simple method of calculation
employed above breaks down. It should be fairly clear, however,
that if during a substantial part of each cycle of oscillation the
resistance of the valve, r., is abnormally high, or even infinity, due
to the oscillatory voltage reaching to and beyond the * bottom
bend ”* of the characteristic curves, the average amplification of the
valve is reduced, and the tendency to oscillate also reduced. So
here is another factor limiting the amplitude of oscillation.

DISTORTION OF OSCILLATION

The previous section shows that if a valve oscillates fiercely the
positive half-cycles of grid voltage cause grid current to flow, which
imposes a heavy load on those parts of the cycle, and they are
consequently clipped at the peaks. The corresponding anode-
current peaks are therefore similarly distorted. The negative
half-cycles may cause anode current to be cut off, so they are clipped
too. The result in either or both cases is a distorted wave, which
for some purposes is undesirable. Obviously, to obtain as nearly
as possible a pure sine wave from a valve oscillator it is desirable so
to adjust the back-coupling that a very slight clipping is sufficient
to stop the amplitude of oscillation from growing any more.

It should be clear from Fig. 12.10 that the greater the dynamic
resistance, R, of the anode circuit (load line more horizontal),
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the greater the amplitude that is possible before either grid current
or bottom-bend limiting set in, and the less, in proportion, is a given
amount of clipping at the peaks.

We have scen (p. 111) that the dynamic resistance is equal to
QX, where ' is the reactance of either L or C at resonance. So to
obtain a pure waveform the tuned circuit should have a high Q.
This, incidentally, tends to increase the amplification, so that the
amount of feedback needed to maintain oscillation is comparatively
small.

There is a more important effect of high 0 in minimizing dis-
tortion. Fig. 8.11 showed how the smaller the series resistance, r,is
in relation to the reactance X, the smaller is the external current fed
to a parallel resonant circuit in relation to the current circulating
round it. And we have seen that the ratio X/r is Q. The same
thing can be scen in another way by considering the circuit, Fig. 12.1,
with which we started to explain oscillation. Here we started a
sinusoidal oscillation by means of a square waveform produced by
switching grid bias on and off. If the circuit has a high Q, the
oscillatory current will build up to a value many times greater—to
be precise, () times greater—than the valve anode current of that
frequency. The valve anode current therefore is such a small
proportion of the whole that it does not matter very much whether
it is distorted or not.

For example, suppose Q is 100, and R is 20 kQ. Then, as
R =0QX, X is 200 2. The impedance to alternating current of
the resonant frequency from the valve is thus 100 times greater than
the impedance of the coil or of the capacitor. As the voltage
across them is the same, the valve current is only 19 of the
oscillatory current circulating internally between coil and capacitor,
and any distortion it may have hardly counts. The oscillatory
current itself is always sinusoidal in normal circumstances.

To obtain as nearly as possible a pure sine waveform from an
oscillator, then, use a high-Q circuit and the least back-coupling
that will do.

STABILITY OF FREQUENCY

The frequency of an oscillator, as we have seen, is adjusted by
varying the inductance and/or capacitance forming the oscillatory
circuit. For most purposes it is desirable that when the adjustment
has been made the frequency shall remain perfectly constant. This
means that the inductance and capacitance (and, to a less extent, the
resistance) shall remain constant. For this purpose inductance
includes not only that which is intentionally provided by the tuning
coil, but also the inductance of its leads and the effect of any coils or
pieces of metal (equivalent to single short-circuited turns) inductively
coupled to it. Similarly capacitance includes that of the coil, the
wiring, valve electrodes, and valve and coil holders. Resistance is
varied in many ways, such as a change in the supply voltages of the
oscillator valve, causing r, to alter.

158



NOSCILLATION

Inductance and capacitance depend mainly on dimensions, which
expand with rising temperature. 1f the tuning components are
shut up in a box along with the oscillator valve, ithe temperature may
rise considerably, and the frequency will drift for some time after
switching on. Frequency stability therefore is aided by keeping the
valve, and any resistors which develop heat, well away from the
tuning components; by arranging effective ventilation; and by
designing components so that expansion in one dimension offsets the
effect of that in another. Fixed capacitors are obtainable employing
a special ceramic dielectric material whose variations with iempera-
ture oppose those of other capacitors in the circuit; this reminds one
of temperature compensation in watches and clocks.

Transistor oscillators are dezlt with in Chapter 22.
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CHAPTER 13

The Sender

ESSENTIALS OF A SENDER

THE LAST FEW CHAPTERS provide the material for tackling in greater
detail what was indicated in barest outline in Fig. 1.9. Considering
the sending or transmitting system first, we have as the essentials
for, say, broadcasting sound:

(@) A radio-frequency generator.

(b) A microphone, which may be regarded as an audio-frequency
generator.

(¢) A modulator, combining the products of (a) and (b).

(d) An aerial, radiating this combination.

In a television sender the camera takes the place of the micro-
phone, and it generates a considerably wider band of frequencies,
called video frequencies.

THe R.F. GENERATOR

In the valve oscillator we have a r.f. generator capable of working
at any frequency up to many millions of cycles per second. It is
easily controlled, both in frequency and output. For short-range
communication, or occasionally long ranges in special circumstances,
ordinary receiving valves can be used, or even transistors. But to
broadcast over a large area, or consistently over a long range, it is
necessary to generate a large amount of power.

The difference between a receiving valve generating a few milli-
watts (or at the most a few watts) of r.f. power, and a sending valve
generating 100 kilowatts, is in the construction rather than the basic
prineiples; and as this book deals with principles there is no need
to go into the subject of high-power valves as such.

The higher the power the sender is required to produce, the more
important it is that the percentage wasted shall be small. If, in
generating 10 kW of r.f. power, 30 kW is wasted, the total power to
be supplied is 40 kW, and the efficiency (ratio of useful power to the
total power employed) is 259%. By increasing the efficiency to
759, it is possible to obtain 30 kW of r.f. for the same expenditure,
or, alternatively, to reduce the power employed to 13-3 kW for the
same output. In the latter case it would be possible to reduce the
size and cost of the valves and other equipment as well.

Referring back to Fig. 12.10, suppose the upper load line, based
on a grid bias of — 5V and an anode voltage of 300, represents the
voltage swing of an oscillator, working under practically distortion-
less or so-called “ Class A ™ conditions. The average anode voltage

160



THE SENDER

applied is 300, and the average current 23 mA, so the input power
is 69 W.

The useful output is obtained by multiplying r.m.s. alternating
voltage by r.m.s. current. The swing is 170 V: therefore peak
value 170/2 = 85 V; r.m.s. value 85/4/2 = 60 V. Current swing
22 mA; r.m.s. value 7-7 mA; power 0-462 W. This example points
the way to a short cut for working out the a.c. power:

Watts = (Voltage swing X Current swing)/8.

The efficiency is therefore 0-462/6-9 = 0-067, or 6:79%,. This is
very poor indeed, because under the conditions illustrated there is a
considerable anode current flowing all the time and a considerable
voltage between anode and cathode of the valve. The power
represented by this is dissipated as heat at the anode, and in the
larger valves it is difficult to carry away all this heat. Many
normally run bright red hot.

HiGH-EFFICIENCY OSCILLATORS: ‘“ CLASS B”’

Obviously the aim should be to pass as little current through the
valve as possible, consistent with keeping the oscillation going;
and to pass that current only at times when the voltage across the
valve is low.

As it happens, we started our study of oscillators on the right
lines, because in Fig. 12.2 the valve was totally cut off by grid bias
during half the cycle, from a to ¢; and was allowed to pass current
only during the half-cycle from ¢ to e when the voltage across the
tuned circuit was in opposition to that of the supply, and therefore
the anode voltage low. That is just what we want, and is obtained
by biasing the valve until it just fails to pass current (i.e., the working
point is at the ** bottom bend 7).
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These conditions are shown in Fig. 13.1, representing a valve
with a negative bias of 20 V and the feedback adjusted to give a
peak grid voltage of the same amount, shown by the sine waves
below the grid voltage scale.* The resulting anode current has
half of each cycle suppressed, shown by the waveform on the right;
but, as we have seen (p. 58), this current is normally very small in
comparison with the sinusoidal oscillatory current.

“CLass C”

The process can be carried farther, and the efficiency further
improved, by increasing the negative bias to well beyond cut-off.
The grid swing has to be increased too, and the conditions, referred
to as *“ Class C”, are illustrated in Fig. 13.2. Note that the period
during which anode current flows is less than half of each cycle, and

7a(mA)
400}

1 1 - 4 c i
80 -70 -860 -50 -40 -30 -20 -10 0 +10

Ve

Fig. 13.2—*¢ Class C ** operation. Comparing this with Fig. 13.1,

we see that the working grid bias (—35 V in this example) is

considerahly more than enough to cut off anode current, which
flows during only part of the positive half-cycles of signal

is confined near the point ¢ in Fig. 12.2, at which the anode voltage
is a minimum, and therefore the power wasted in the valve is also
very small.

Note too that it is advantageous to drive the grid positive, because,
although there is a certain loss due to grid current, it occurs during
only a small portion of each cycle, whereas the power developed in

* If the method of deriving the output waveform from the characteristic curve
is unfamiliar it should be noted, as it will be used a good deal from now on. The
output waveform is traced out point by point over the cycle; for example, at
one-twelfth of a cycle (30°) from the start the input signal voltage is indicated by
the point X. The corresponding point on the valve curve, P, is vertically above it,
and indicates the anode current, which is then transferred horizontally to the left
to give a point (Y) on the output waveform above 1/12th cycle on the output cycles
scale. Points at other stages in the cycle are obtained similarly.
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the anode circuit is much increased. Normally the valve is operated
so that the positive grid voltage is nearly equal to the minimum
anode voltage. Working efficiencies of the order of 759 are
practicable, but beyond a certain point the power begins to drop off
steeply. Moreover there may be difficulty in providing the very
large grid swing.

Under Class C conditions the oscillator has either to be given a
start or else begun with reduced bias, because full working bias cuts
off anode current and prevents feedback. If worked as a self-
oscillator (instead of merely a driven amplifier) the latter method is
used. Chapter 16 will show a method of generating grid bias
proportional to the amplitude of oscillation; an ideal arrangement
for Class C, because it ensures the most powerful starting conditions.

CONSTANT FREQUENCY

The need for constancy of frequency (p. 158) applies with
particular force to radio senders. To avoid confusion it is inter-
nationally agreed that their frequencies must keep within very
narrow limits; and for special purposes—such as working more
than one sender on the same frequency—it is now common practice
to keep within less than one cycle in a million.

In early days, the tuned oscillatory circuit (sometimes called a
tank circuit, because of its capability for storing oscillatory energy)
was coupled straight to the aerial, either inductively or by a direct
tapping, as in Fig. 13.3. Acrials will be discussed in detail in
Chapter 15; in the meantime they can be considered as opened-out
capacitors (or sometimes inductors) necessary for effectively radiat-
ing waves over distances. They have both capacitance and induct-
ance, which depend on their height above ground and other objects;
so on a windy day are likely to vary erratically. Now, the frequency
of an oscillator arranged as in Fig. 13.3 depends on the inductancc
and capacitance of the tuned circuit, of which the aerial forms part.
The frequency stability of such a system is not nearly good enough
for present-day needs.

Any circuits or components that can affect the frequency should
be rigid and compact structures—compact, so that their electric or

AERIAL
Fig. 13.3—Direct coupling of aerial +
to the tuned circuit of a self- ANODE
oscillating sender. The other end is SUPPLY
usually connected to earth
= EARTH
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magnetic fields do not spread out where persons or things might
move and upset the field distribution and hence the capacitance or
inductance. We shall see (p. 240) that it is possible to prevent such
variations by shutting up the components in a metal bax or screen.
But, of course, that is no good for radiating.

THE MASTER-OSCILLATOR POWER-AMPLIFIER SYSTEM

The way out of this dilemma is to separate the function of oscillat-
ing at the required frequency from that of feeding r.f. power to the
aerial, instead of trying to make one valve do both. The oscillation
frequency is generated by a valve oscillator in which all practicable
precautions are taken to avoid frequency drift, and in which no
attempt is made to obtain an extremely high power efliciency. This
master oscillator is coupled, by some means that do not seriously
affect the frequency stability, to one or more stages of amplification,
the last of which is coupled to the aerial. Being designed to feed
as much power to it as possible, this stage is called the power
amplifier. The whole is therefore called a master-osciliator power-
amplifier system; for short, M.O.P.A.

CryYSTAL CONTROL

To obtain extreme frequency stability even in a M.O.P.A. requires
very good design and considerable expense. Where it is not
necessary to cover a range of frequency, but is enough to be able to
work on a few “spot ” frequencies, a way of guaranteeing correct
frequency to within very narrow limits quite simply and cheaply is
to exploit the remarkable properties of certain crystals, notably
quartz. Such crystals are capable of vibrating mechanically at
very high frequencies and in doing so develop an alternating e.m.f.
between two opposite faces. Conversely, an alternating e.m.f.
causes them to vibrate.

The subject is a large and specialized one, but for most purposes
the crystal can be regarded as equivalent to a tank circuit of remark-
ably high inductance and Q. Unlike the coil-and-capacitor tank
circuit, there is practically nothing about it that can be altered
by fair wear and tear. There is a small change of frequency with
temperature, but where requirements are stringent the crystal is
kept in a temperature-controlled hox.

The crystal is mounted between two flat metal plates, generally
with a small air gap intervening. Fig. 13.4 shows two varieties of
crystal oscillator circuit. Imagining the crystal to be a tuned
circuit, we see a to be a T.A.T.G. circuit (compare Fig. 12.9), and b
is a Colpitts circuit (compare Fig. 12.8). In a the tuning of the
anode circuit is adjusted to a point at which oscillation takes place.

TELEGRAPH SENDERS: KEYING

We have now reached the point—in theory at any rate—at which
we can send out into space a continuous stream of waves of constant
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(b

Fig. 13.4—Two types of crystal-controlled osciilator circuit

frequency and (if desired) high power. This alone, however, is not
enough to convey messages, still less speech or music. The simplest
way of sending messages is to break up the stream of waves into
short and long bursts to represent the dots and dashes of the Morse
code.

To do this it is necessary to connect a Morse key—which is simply
a form of switch that makes a contact when pressed and breaks it
when let go—in such a way that it starts and stops the radiation
from the sender.

It might appear that almost any part of the circuit would do. In
practice there are quite a number of things that have to be considered.
The key should not be asked to break large amounts of power,
because the resulting sparking would soon burn the contacts away.
It cannot break a very high voltage, which would just spark across;
and there is safety to consider, too. Therefore the anode circuit is
practically ruled out, and so is the aerial circuit. The filament
circuit is no good, because of the time taken to heat and cool. And
wherever the keying is donz it must not affect the frequency of
oscillation, so it is better not to keep stopping and starting the
master oscillator.

A common method of suppressing radiation is to apply a large
negative bias to a low-power r.f. amplifier valve by disconnecting
the cathode. Another method is to keep the radiation going all the
time and use the key to shift its frequency.

RADIOTELEPHONY AND BROADCASTING: MODULATION

To convey speech and music or vision, something more elaborate
than simple interruption of the transmission is required. 1t must be,
as it were, moulded into the shape of the sounds. This process is
called modulation, and the raw material that is modulated is called
the carrier wave.* Keying is an extreme and special case of modula-

* Strictly, one should say ** succession of waves " instead of ** wave **; but that
is taken as understood.
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tion, in which the strength of the carrier wave is made to vary
suddenly between zero and full power.

Suppose, however, that it is desired to transmit a pure note of
I ke/s, available as an clectric current derived from the microphone
before which the note is being sounded. This current will have the
form of a sine wave, as shown in Fig. 13.54.

For the reasons given in Chapter 1, waves of such a low frequency
cannot be radiated effectively through space. We therefore choose
a r.f. carrier wave, say 1,000 kc/s.  As 1,000 of its cycles occur in
the time of every one of the a.f. cycles, they cannot all be drawn to
the same scale, so the cycles in Fig. 13.5b are representative of the
much greater number that have to be imagined. What we want is
something which, like b, is entirely radio-frequency (so that it can be
radiated), and yet carries the exact imprint of a (so that the a.f.
waveform can be extracted at the receiving end). One way of
obtaining it is to vary the amplitude of b in exact proportion fo a,
increasing the amplitude when a is positive and decreasing it when a
is negative, the result being such as ¢.  As we can see, this modulated
wave is still exclusively r.f. and so can be radiated in its entirety.
But although it contains no a.f. current, the tips of the waves trace
out the shape of the a.f. waveform, as indicated by the dotted line,
called the envelope of the r.f. wave train.

For simplicity we have considered a *‘ programme " no more
exciting than a tuning note; but the same principle applies to the
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Fig. 13.5-—Curve a represents iwo cycles of audio-frequency current, such as
might be flowing in a microphone circuit; b represents the much larger
number of radio-frequency cycles generated by the sender. When these have
been amplitude-modulated by a, the result is as shown at ¢
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far more complicated waveforms of music and speech, or of light
and shade in a televised scene-—their complexity can be faithfully
represented by the envelope of a modulated carrier-wave.

DEPTH OF MODULATION

Since receivers are designed so that an unmodulated carrier wave
{between items in the programme) causes no sound in the loud-
speaker, it is evident that a graph such as Fig. 13.5¢ represents
a note of some definite loudness, the loudness depending on the
amount by which the r.f. peaks rise and fall above and below their
mean value. The amount of this rise and fall, relative to the normal
amplitude of the carrier wave, is the depth of modulation.

For distortionless transmission the increase aad decrease in carrier
amplitude, corresponding to positive and negative half-cycles of
the modulating voltage, must be equal. The limit to this occurs

Fig. 13.6-—Carrier-wave modulated to a depth of 1009,. At its
minima (points A) the r.f. current just drops to zero

when the negative half-cycles reduce the carrier-wave amplitude
cxactly to zero, as shown in Fig. 13.6. At its maximum it will then
rise to double its steady value. Any attempt to make the maximum
higher than this will result in the carrier actually ceasing for an
appreciable period at each minimum; over this interval the envelope
of the carrier-amplitude can no longer represent the modulating
voltage, and there will be distortion.

When the carrier has its maximum swing, from zero to double
its mean value, it is said to be modulated to a depth of 100°%,. In
gereral, half the variation in amplitude, maximum to minimum,
expressed as a percentage of the mean amplitude, is taken as the
measure of modulation depth. Thus, when a 100-V carrier wave is
made to vary between 50 V and 150 V, the depth of modulation
is 50%.

In transmitting a musical programme, variations in loudness of
the received music are produced by variations in modulation depth,
these producing corresponding changes in the amount of a.f. output
from the receiver.

METHODS OF MODULATION
Without going into details, we may note that one basic method of
amplitude modulation is to vary the anode voltage of a r.f. oscillator
or amplifier valve. Fig. 13.7 shows an outline of this method
applied to an oscillator.
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Fig. 13.7—Anode modulation, sometimes called ** choke control >’ modulation.
RFC is a r.f. choke for keeping r.f. current out of the modulator circuit

Vo is the oscillator valve, shown working in a parallel-fed Hartley
circuit (p. 155). If it were fed direct from the anode supply it
would of course generate r.f. power of constant (i.e., unmodulated)
amplitude. But the anode current to both valves is supplied
through an inductor AFC (a.f. choke), which has a large impedance
to all audio frequencies. So when a.f. voltage is supplied to the
grid of Vy, that valve operates as an amplifier (p. 141) reproducing
the a.f. voltage on a larger scale at its anode. This a.f. voltage
alternately raises and lowers the anode voltage supplied to the
oscillator valve Vo, modulating the oscillation.

Unfortunately the frequency of oscillation depends slightly on
the anode voltage and consequently varies during the cycle of
modulation. This rules the method out from modern practice, in
which the frequency of the carrier wave must be kept constant
witkin extremely narrow limits. It is therefore necessary to apply
the method to a r.f. amplifier stage in a M.O.P.A. system (p. 164).

If it is applied to the final r.f. stage, another difficulty arises.
Suppose for example that the anode of this stage is normally fed at
5,000 V. To cause 1009 modulation it is necessary for the
modulator alternately to reduce this to the verge of zero and raise
it to 10,000 V. In doing this it has to control the full anode current
of the r.f. valve, so the amount of power required by the modulator
is of the same order as for the r.f. power amplifier. This is quite
serious in a high-power sender and necessitates large and expensive
modulator valves as well as a considerable addition to the power
consumption.

Applying the modulating voltage to the grid of an oscillator or
r.f. amplifier valve might seem to be a simpler and much more
economical proceeding; but although grid modulation has been
applied successfully it is less straightforward than might appear, and
generally results in more distortion than does anode modulation.

There are a number of other methods of modulation, some of
which are of practical value, especially in low-power senders. But
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the anode method, of which there are many variations, is the one
generally favoured where freedom from distortion is important.

FREQUENCY MODULATION

Instead of keeping the frequency constant and varying the
amplitude, one can do vice versa. Fig. 13.8 shows the difference;
a represents a small sample—two cycles—of the a.f. programme,
as in Fig. 13.5, and b is the corresponding sample of r.f. carrier wave
after it has been amplitude-modulated by «. If, instead, it were
frequency-modulated it would be as at ¢, in which the amplitude
remains constant but the frequency of the waves increases -and
decreases as the a.f. voltage rises and falls. In fact, with a suitable
vertical scale of cycles per second, « would represent the frequency
of the carrier wave.

The chief advantage of frequency modulation (*“f.m.”) is that
under certain conditions reception is less likely to be disturbed by
interference or noise. Since with f.m. the sender can radiate at its
full power all the time, it is more likely to outdo interference than

Fig. 13.8—~Curve (a) represents 2 eycles
of audio frequency used to modulate
a r.f. carrier wave. If amplitude modu-
lation is used, the result is represented
by (b); if frequency modulation, by (¢)

MR H 411 \
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with amplitude modulation (*“ a.m.”), which has to use a carrier wave
of half maximum voltage and current and therefore only one
quarter maximum power. At the receiving end, variations in
amplitude caused by noise, etc., coming in along with the wanted
signals can be cut off without any risk of distorting the modulation.

Another contribution to noise reduction resnits from the fact that
modulation can be made te swing the carrier-wave frequency up and
down over a relatively wide range or *“ band >’ as it is called. Exactly
how this advantage follows is too involved to explain at the present
stage, but since the change of frequency imparted by the modulator
is proportional to the a.f. voltage it is obvious that the greater the
change the greater the audible result at the receiving end.

In a.m.. 1009 modulation varics the amplitude between zero
and double. If a f.m. station varied its frequency between zero
and double it would (apart from other impracticabilities!) leave no
frequencies clear for any other stations, so some arbitrary limit must
be imposed, to be regarded as 1009, modulation. This limit is
called the deviation, and for sound broadecasting is commonly
75 kefs above and below the frequency of the unmodulated carrier
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wave. Stations working on the ‘““medium” broadcast fre-
quencies (525-1,605 kc/s) are spaced only 9 or 10 ke/s apart, and if
they used f.m. they would spread right across one another. For
this and other reasons it is necessary for f.m. stations to use much
higher frequencies, usually in the “* very high frequency > (v.h.f.)
band, 30 to 300 Mc/s. Although the principle of f.m. is simple,
the actual methods of modulation adopted in practical senders are
too complex to describe here.

A silent background to reception is especially desirable in broad-
casting, and for this reason f.m. is much used for sound programmes,
with or without accompanying vision. It is also widely used in
radio telegraphy and still-picture transmission.

MICROPHONES

So far we have learnt something about two of the boxes at the
sending end of Fig. 1.9: the r.f. generator and the modulator.

A device by which sound, consisting of air waves, is made to
set up electric currents or voltages of identical waveform, which in
turn are used to control the modulator, is one that most people
handle more or less frequently, in telephones. It is the miicrophone;
and the type used in telephones, but not for radio broadcasting, is
essentially the same as the original invention by Hugkes in 1878.
The sounds are directed on to a circular diaphragm, to the centre

SEEE—

Fig. 13.9—How a carbon
33:&2& microphone (M) is con-
nected to give an a.f. voltage
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of which is attached a carbon button. Beyond it is a fixed carbon
button, and the space between is filled with carbon granules. So
between the terminals, which are connected to the diaphragm and
fixed button, there are many not very firm contacts between pieces
of carbon. Their resistance depends on the pressure, which is
varied by thc air waves striking the diaphragm.

A carbon microphone is, in fact, a resistance that varies to
correspond with the sound waves, and so the current delivered by
the battery in Fig. 13.9 varies in the same way. Since this current
passes through the primary of a transformer, a varying voltage is
produced at the secondary terminals. Sound waves of normal
intensity are very feeble, and even with a step-up transformer the
result is generally only a few volts at most, so for modulating a
powerful sender several stages of amplification may be necessary.

While such a microphone can be designed to give a reasonably
large output over the band of frequencies corresponding to the
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essentials of intelligible speech, it does so by virtue of a certain
amount of mechanical resonance, and many of the frequencies
needed to give full naturalness to speech and music are not fairly
represented. If the resonance is reduced in order to give more
uniform response to all the audio frequencies, then the output
becomes less, and more amplification is needed. Compare electrical
resonance, as in Fig. 8.6. The carbon microphone is also, on
account of its loose contacts, noisy. So various other systems have
been tried; but generally speaking it is true that the higher the
quality—i.e., the more faithfully the electrical output represents the
sound—the lower the output.

The electrostatic microphone consists of a diaphragm, usually
metal, with a metal plate very close behind. When vibrated by
sound, the capacitance varies, and the resulting charging and dis-
charging currents from a battery, passed through a high resistance,
set up a.f. voltages. Its disadvantages are very low output and
high impedance.

The crystal or piezo-electric microphone depends on the same
properties as are applied in crystal control (p. 164); the varying
pressures directly give rise to a.f. voltages. Crystals of Rochelle
salt are particularly effective.

The type most commonly used for broadcasting and the better
class of “ public address  is the electromagnetic. There are many
varieties: in some an iron diaphragm varies the magnetic flux
through a coil, so generating voltages; in others the diaphragm bears
a moving coil in which the voltages are generated by flux from a
stationary magnet; while in the most favoured types a very light
metal ribbon is used instead of the coil. Electromagnetic and
crystal microphones generate e.m.fs directly, so need no battery;
buit electromagnetic types need a transformer to step them up.

The counterpart of the microphone in a vision system is the
camera, which is described on p. 333.

COUPLING TO AERIAL

The last main component is the aerial. This is the subject of
Chapter 15; but one aspect that we can consider at this point is
the way in which the sender is connected to the aerial, because the
power efficiency is greatly affected thereby.

We saw (p. 142) that a valve can be regarded as a generator
having internal resistance (ra), and that the maximum output
power for a given alfernating voltage at the grid is obtained by
making the load resistance equal to the internal resistance. In a
sender, the valve in question is the output or * last-stage > valve,
and the load is the dynamic resistance of the tuning circuit combined
with the aerial. Generally it is practicable to keep the losses in the
tuning circuit relatively small, so we shall regard the aerial as the
load. Assuming for the moment that it can be regarded as a
resistance, should our aim be to make it equal to r.? If so, the
efficiency—which means that fraction of the total power generated
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in the valve which is delivered to the aerial—is only 509, because
half the power is wasted in the valve. But the real limiting factor
is not the grid e.m.f.—which can readily be increased—but the
amount of heat the valve can dissipate (p. 161). If, for example, the
rated anode dissipation of a valve is 100 W, and the efficiency of
power transfer to the aerial is 509, then it can put up to 100 W into
the aerial. But if, by increasing the load resistance and the input
voltage, the efficiency is raised to 6649/, the maximum output will
be double the dissipation, namely, 200 W. For various reasons,
the efficiency cannot be raised indefinitely in this way, so the valve
manufacturer specifies the optimum load resistance for each type
of valve.

Leaving detailed discussion of aerials as loads to Chapter 15,
we can assume in the meantime that their impedance varies greatly
with frequency. If by some stroke of luck the aerial impedance at
the working frequency were (o equal the optimum load resistance
for the transmitting valve we could connect the aerial and earth
terminals to opposite ends of the anode tuning coil. In general,
however, the effective impedance between these terminals will not
be equal to the optimum for the valve. A matching device is
necessary.

On p. 97 we saw that a transformer is just such a device, because
by a suitable choice of turns ratio any resistance can be made
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Fig. 13.10—Some of many varietics of method in coupling aerial to sender. g is

the inductive coupling or r.f. transformer method, worked out in the text for a

particular example; b is the acrial tapping or auto-transformer; ¢ is the series

capacitor method; and at 4 the valve is tapped down to reduce the effective load
resistance

equivalent to any other resistance. The rule was that to match
Rs to Rp the transformer should have 4/(Ry/Rs) primary turns for
every secondary turn. That is the same thing as 4/(Rs/Rp)
secondary turns for every primary turn. For example, if our tuning
coil had 40 turns, and the optimum toad for the valve was 3,000 Q,
and at the working frequency the aerial was equivalent to a resistance
between aerial and earth terminals of 120 Q, then it should be
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coupled to the tuning coil by a secondary winding of 40 X
+/120/3,000 = 8 turns, as in Fig. 13.10a.

Alternatively, an auto-transformer (p. 98) may be used, b.
There are other ways of matching, such as ¢. Like method a, it
insulates the aerial from the anode coil, which may be at anode
potential. Method 4 is used when the optimum load is less than
the aerial impedance.

Although it is easy to work out the right number of turns accord-
ing to this simple theory (and rather less easy to calculate the right
value of capacitance in Fig. 13.10¢) there are complications that make
it a more formidable task to calculate the best practical design. For
example, we assumed that all the magnetic flux linked both primary
and secondary coils, whereas this is far from being so in r.f. trans-
formers. In practice, the right tapping or coupling is calculated as
nearly as possible, and provision made for it to be varied until the
best results are obtained. Fig. 11.4 shows that it is necessary to
depart quite a lot from the optimum before there is a serious loss
in output.

Another complication is that an aerial nearly always has reactance
as well as resistance, which affects the tuning and makes it necessary
to use less or more tuning capacitance; less, if the reactance
effectively in parallel with the coil is capacitive, and greater if it is
inductive.
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CHAPTER 4

Transmission Lines

FEEDERS

IN DEALING WITH circuit make-up we have for the most part assumed
that resistance, inductance and capacitance are concentrated
separately in particular components, such as resistors, inductors
and capacitors. True, any actual inductor (for example) has some
of all three of these features, but it can be imitated fairly accurately
by an imaginary circuit consisting of separate L, C and R (p. 114).
In the next chapter, however, we shall turn attention to aerials, in
which L, Cand R are all mixed up and distributed over a considerable
length. The calculation of aerials is therefore generally much more
difficult than anything we have attempted, especially as they can
take so many different forms.

But one example of distributed-circuit impedance does lend
itself to rather simpler treatment, and makes a good introduction to
the subject, as well as being quite important from a practical point
of view. It is the fransmission line. The most familiar example is
the cable connecting the television acrial on the roof to the set

Fig. 14.1—The two main types

of r.f. transmission line or feeder

cable: (a) parallel-wire, and (b)
coaxial

indoors. For reasons to be explained later (p. 332) television uses
signals of very high frequency, which are best received on aerials of
a definite length (p. 193). It is desirable that the wires connecting
aerial to receiver should not themselves radiate or respond to
radiation, nor should they weaken the v.h.f. signals. The corre-
sponding problem at the sending end is even more important,
because a large amount of power has to be conveyed from the sender
on the ground to an aerial hundreds of feet up in the air. A trans-
mission line for such purposes is usually called a feeder.

To reduce radiation and pick-up to a minimum, its two conductors
must be run very close together, so that effects on or from one
cancel out those of the other. One form is the parallel-wire feeder
(Fig. 14.1a); still better is the coaxial feeder (h), in which one of
the conductors totally encloses the other,
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ELECTRICAL EQUIVALENT OF A LINE

With either type, and especially the coaxial, the closeness of the
two leads causes a high capacitance between them: and at very
high frequencies that means a low impedance, which, it might be
supposed, would more or less short-circuit a long feeder, so that
very little of the power put in at one end would reach the other.
But it must be remembered that every inch of the feeder not only
has a certain amount of capacitance in parallel, but also, by virtue
of the magnetic flux set up by any current flowing through it
(Fig. 4.2), a certain amount of inductance in series. Electrically,

L L L L L L L L

CI Ci C.T.I (= C= CI C.';wgl_
o T T TTTTTT .
Fig. 14.2—Approximate electrical analysis of a short length
of transmission line

therefore, a piece of transmission line can be represented with
standard circuit symbols as in Fig. 14.2, in which L and C are
respectively the inductance and capacitance of an extremely short
length, and so are extremely small quantities. Each inductance is,
of course, contributed to by both wires, but it makes no difference
to our argument if for simplicity the symbol for the total is shown
in one wire; it is in series either way. As we shall only be consider-
ing lines that are uniform throughout their length, every L is
accompanicd by the same amount of C; in other words, the ratio
L/C is constant.

Having analysed the Tine in this way, let us consider the load at
the receiving end; assuming first that its impedance is a simple

L
L.
(a) R (by C R
o 1
L L L L L L
C T—fmr\v
(d (= C= (= cd G Cé R
m_,i._;___l._,‘lv S U

Fig. 14.3—Synthesis of transmission line from basic circuit elements

resistance, R (Fig. 14.3a). If we were to measure the voltage across
its terminals and the amperage going into it, the ratio of the two
readings would indicate the value R in ohms.

Next, suppose this load to be elaborated by adding a small
inductance in series and a small capacitance in parallel, as at b.
Provided that the capacitance really is small, its reactance, X,
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will be much greater than R. By an adaptation of the method used
on p. 114 a relatively large reactance in parallel with a resistance
can, with negligible error, be replaced by an equivalent circuit
consisting of the same resistance in series with a relatively small
reactance. Calling this equivalent series capacitive reactance X¢',
we have X¢'/R = R/X¢, or X¢' = R*Xc. And if we make this
X¢' equal to Xy, it will cancel out the effect of L (p. 101), so that
the whole of Fig. 14.3b will give the same readings on our measuring
instruments as R alone. X is, of course, 2nfL, and X¢ is 1/2#fC;
so the condition for X¢" and X, cancelling one another out is

nfL = R® X 2z C

or, . = RC
L
or, R = C

Notice that frequency does not come into this at all, except that
if it is very high then L and C may have to be very small indeed in
order to fulfil the condition that X¢ is much larger than R.

Assuming, then, that in our case 4/L/C does happen to be equal
to R, so that R in Fig. 14.3a can be replaced by the combination
LCR in b, it will still make no difference to the instrument readings
if R in b is in turn replaced by an identical LCR combination,
as at ¢. R in this load can be replaced by another LCR unit, and
so on indefinitely (d). Every time, meters connected at the terminals
will show the same readings, just as if the load were R only.

The smaller L and C are, the more exactly the above argument
is true at all practical frequencies. This is very interesting, because
by making cach L and C smaller and smaller and increasing their
number we can approximate as closely as we like to the electrical
equivalent of a parallel or coaxial transmission line in which
inductance and capacitance are uniformly distributed along its
length. In such a line the ratio of inductance to capacitance is
the same for a foot or a mile as for each one of the infinitesimal
*“ units ”, so we reach the conclusion that provided the far end of
the line is terminated by a resistance R equal to v/L|C ohms the
length of the line makes no difference; to the signal-source or
generator it is just the same as if the load R were connected directly
to its terminals.

That, of course, is exactly what we want as a feeder for a load
which has to be located at a distance from the generator. But
there is admittedly one difference between a real feeder and the
synthetic one shown in Fig. 14.3d; its conductors are bound to
have a certain amount of resistance. Assuming that this resistance
is uniformly distributed, every 100 feet of line will absorb a certain
percentage of the power put into it; for example, if the power put
into a 100-foot length has to be 2599 greater than that coming
out at the far end, the loss is said to be 1 dB per 100 feet (p. 147);
and we then know that a 20-foot length of the same line will cause a
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0-2-dB loss. Obviously, a line made of a very thin wire, of com-
paratively high resistance, will cause greater loss than one made of
low-resistance wire.  So, too, will a pair separated by poor insulating
material (p. 113). Although the loss due to resistance is an import-
ant property of a line, it is generally allowable to neglect the resistance
itself in calculations such as that at the top of this page.

CHARACTERISTIC RESISTANCE

The next thing to consider is how to make the feeder fit the load,
so as to fulfil the necessary condition, v/L/C = R. V/L/C is
obviously a characteristic of the line itself, and to instruments
connected to one end the line appears to be a resistance; so for any
particular line it is called its characteristic resistance, denoted
by Ry.*

If you feel that the resistance in question really belongs to the
tearminating load and not the line, then you should remember
that the load resistance can always be replaced by another length of
line, so that ultimately R, can be defined as the input resistance of
an infinitely long line. Alternatively (and more practically) it is a
resistance equal to whatever load resistance can be fed through any
length of the line without making any difference to the generator.

In any case, L and C depend entirely on the spacing and diameters
of the wires or tubes of which the line consists, and on the per-
mittivity and permeability of the spacing materials. So far as
possible, to avoid losses, feeders are air-spaced. The closer the
spacing, the higher is C (as one would expect) and the smaller is L
(because the magnetic field set up by the current in one wire is
nearly cancelled by the field of the returning current in the other).
So a closely-spaced line has a small R, suitadle for feeding low-
resistance loads. Other things being equal, one would expect a
coaxial line to have a greater C, and therefore lower R, than a
parallel-wire line. Formulae have been worked out for calculating
R,; for a parallel-wire line (Fig. 14.4a) it is practically 276
log, o(2D/d) (so long as D is at least 4 or 5 times d), and for a coaxial
line (Fig. 14.4b) 138 log, o(D/d). Graphs such as these can be used
to find the correct dimensions for a feeder to fit a load of any
resistance, within the limits of practicable construction. It has
been found that the feeder dimensions causing least loss make R,
equal to about 600 Q for parallel-wire and 80 (2 for coaxial types;
but a reasonably efficient feeder of practical dimensions can be
made to have an R, of anything from, say 200 to 650 and 40 to
140 ohms respectively. We shall see later what to do if the load
resistance cannot be matched by any available feeder.

In the meantime, what if the load is not a pure resistance? What-
ever it is, it can be reckoned as a resistance in parallel with a

* If loss resistance is taken into account the expression is slightly more compli-
cated than v LfC, and includes reactance; so the more comprehensive and strictly
accurate term is characteristic (or surge) impedance, Z,. With reasonably low-loss
lines there is not much difference.
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Fig. 14.4—Graphs showing characteristic resistance (Ro) of (a) parallel-
wire and (b) coaxial transmission lines in terms of dimensions

reactance. And this reactance can always be neutralized or tuned
out by connecting in parallel with it an equal reactance of the
opposite kind (p. 106). So that little problem is soon solved.

WAVES ALONG A LINE

Although interposing a loss-free line (having the correct Rg)
between a generator and its load does not affect the voltage and
current at the load terminals—they are still the same as at the
generator—it does affect their phase. The mere fact that the voltage
across R in Fig. 14.3b is equal to the voltage across the ter-
minals makes that inevitable, as one can soon see by drawing
the vector diagram. There is a small phase lag due to L. In
a line, the phase lags adds up steadily as one moves along it. If
we consider what happens in a line when the generator starts
generating (Fig. 14.5) we can see that what the gradual phase lag
along it really means is that the current takes time to travel from
generator to load.

During the first half-cycle (positive, say) current starts flowing
into C,, charging it up. The inductance L, prevents the voltage
across C, rising to its maximum until a little later than the generator
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voltage maximum. The inertia of L. to the growth of current
through it allows the charge to build up in C, a little before C,, and
so on. Gradually the charge builds up on each bit of the line in
turn. Meanwhile, the generator has gone on to the negative
half-cycle, and this follows its predecessor down the line. At its
first negative maximum, the voltage distribution will be as shown
at b. With a little imagination one can picture the voltage wave
flashing down the line, rather like the wave motion of a long rope
waggled up and down at one end.

Our theory showed that wherever the line is connected to measur-
ing instruments it appears as a resistance, which means that the
current is everywhere in phase with the voltage, so the wave diagram
also represents power flowing along the line.

The speed of the wave clearly depends on its capacitance and
inductance; the larger they are the longer the time each bit of linc
takes to charge and the longer the time for current to build up in it.
We have already noted that C is increased by spacing the two
conductors more closely, but that the L is reduced thereby. As it
happens, the two effects exactly cancel one another out, sothcspeed of
the wave is unaffected; the only result is that the ratio L/C—and
hence R,—is decreased. The only way of increasing C without re-
ducing L is to increase the permittivity in the space between the con-
ductors (p. 53); similarly L is affected by the permeability there
(p-64). It has been discovered that the speed of the waves is equal to
1/v/ep. Thelowest possible permittivity and permeability arein empty
space (though air is practically the same); in m.k.s. units they
are 8-854 x 10-12 and 1-257 x 10 ® respectively, so the speed of
the waves works out at 1/4/(8-854 X 1-257 x 10718) = very nearly
300 million metres per second, or 186,240 miles per second.

There have to be solid supports for the conductors, and sometimes
the space between is completely filled. In practice the permeability
of such material would not differ appreciably from that of empty
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Fig. 14.5—(a) Electrical representation of the generator cnd of a transmission line,
and (b) instantaneous voltage (and current) diagram i of a cycle from the start of
generating a sine wave

179



FOUNDATIONS OF WIRELESS

space, but the permittivity would be higher. Consequently the
speed of the waves would be lower; for example, if the relative
permittivity were 4 the speed would be reduced to a half. But it
would still be pretty high! So the time needed to reach the far end
of any actual line is bound to be very short—a small fraction of a
second. But however short, there must be some interval between
the power first going into the line from the generator and its coming
out of the line into the load. During this interval the generator is
not in touch with the load at all; the current pushed into the line
by a given generator voltage is determined by R, alone, no matter
what may be connected at the far end; which is further evidence
that R, is a characteristic of the line and not of the load.

During this brief interval, when the generator does not ** know ”
the resistance of the load it will soon be required to feed, the R of
the line controls the rate of power flow tentatively. In accordance
with the usual law (p. 148), the power going into the line during this
transient state is a maximum if Ry is equal to r, the generator
resistance.

Neglecting line loss, the voltage and current reaching the load
end will be the same as at the generator. So if the load turns out
to be a resistance equal to R,, it will satisfy Ohm’s law, and the
whole of the power will be absorbed just as fast as it arrives. For
example, if a piece of line having an R, of 500 (1 is connected to a
1,000-V generator having an r or 500 L2, the terminal voltage is
bound to be 500 V and the current 1 A until the wave reaches the
far end, no matter what may be there. If there is a load resistance
of 500 L, the r.m.s. current will, of course, continue at 1 A
everywhere.

WAVE REFLECTION

But suppose that the load resistance is, say, 2,000 2. According
to Ohm’s law it is impossible for 500 V applied across 2,000 {2
to cause a current of 1 A to flow. Yet 1 A is arriving. What does
it do? Part of it, having nowhere to go, starts back for home.
More scientifically, it is reflected by the mismatch. The reflected
current, travelling in the opposite direction, can be regarded as
opposite in phase to that arriving, giving a total which is less than
1 A. The comparatively high resistance causes the voltage across
it to build up above 500; this increase can be regarded as a reflected
voltage driving the reflected current. If half the current were
reflected, leaving 0-5 A to go into the load resistance, the voltage
would be increased by a half, making it 750. A voltage of 750 and
current 0-5 A would fit a 1,500 2 load, but not 2,000 €2, so the
reflected proportion has to be greater—actually 609/, giving 800 V
and 0-4 A at the load.

We now have 1 A, driven by 500 V, travelling from generator
to load, and 0-6 A, driven by 300 V, returning to the generator.
(The ratio of the reflected voltage to the reflected current must, of
course, equal R,.) The combination of these two at the terminals of
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the load gives, as we have seen, 1 — 06 = 0-4 A, at 500 + 300 =
800 V. But at other points on the line we have to take account of
the phase lag. At a distance from the load end equal to quarter of a
wavelength (A/4) the arriving and returning waves differ in phase by
half a wavelength (A/2) or 180° as compared with their relative
phases at the load (because a return journey has to be made over
the A/4 distance). So at this point the currentis 1 4+ 06 = 1-6 A
at 500 — 300 =200 V. At a point A/8 from the load end the
phase separation is A/4 or 90°, giving 1-16 A at 582 V. At intervals
of A/2, the two waves come into step again.

STANDING WAVES
Calculating the current and voltage point by point in this way
and plotting them, we get the curves in Fig. 14.6. It is important
to realize that these are not, as it were, flashlight photographs of
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Fig. 14.6 — Diagrams of |

voltage, current, and (as a | |

result) iinpedance at the load

end of an unmatched trans-

mission line, showing stand-
ing waves

the waves iravelling along the line; these are r.m.s. values set up
continuously at the points shown, and would be indicated by meters
connected in or across the lines at those points (assuming the meters
did not appreciably affect the R, of the line where connected).
Because this wavelike distribution of current and voltage, resulting
from the addition of the arriving and reflected waves travelling in
opposite directions, is stationary, it is called a standing wave. For
comparison, the uniform distribution of current and voltage when
the load resistance is equal to R, is shown dotted.
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The ratio of maximum to minimum current or voltage is called the
standing wave ratio; in our example it is 800/200 (or 1-6/0-4) = 4.

In due course the reflected wave reaches the generator. It is in
this indirect way that the load makes itself felt by the generator.
If the 2,000-(2 load had been directly connected to the generator
terminals, the current would have been 1,000/(500 <+ 2,000) = 0-4 A,
and the terminal voltage 0-4 X 2,000 = 800 V, and the power
800 x 0-4 = 320 W. This, as we have seen, is exactly what the
load at the end of the line is actually getting. But the power that
originally went out from the generator, being determined by R,,
was 500 X 1 = 500 W. The reflected power is 300 X 0:6 = 180 W,
so the net outgoing power is 500 — 180 = 320 W, just as it would
have been with the load directly connected.

LINE IMPEDANCE VARIATIONS

So the power adjustment is (in this case) quite simple. But the
current and voltage situation at the generator is complicated by the
time lag, and is not necessarily the same as at the load. Unless the
length of the line is an exact multiple of A/2, the phase relationships
are different. Suppose, for example, it is an odd multiple of A/4;
say, 5A/4, as in Fig. 14.6. Then the current and voltage at the
generator end will be 1-6 A and 200 V respectively. That makes
320 W all right—but compare the power loss in the generator.
1-6 A flowing through r = 500 2 is 1:6% X 500 = 1,280 W, whereas
at an 800-V point the current would be only 0:4 A and the loss in
the generator only 0-4* X 500 = 80 W! So when there are standing
waves, the exact length of the line (in wavelengths) is obviously
very important. If there are no standing waves, it does not matter
if the line is a little longer or shorter or the wavelength is altered
slightly; and that is one very good reason for matching the load to
the line. The usual way of making sure that the load is right is by
running a voltmeter or other indicator along the line and seeing that
the reading is the same everywhere, except perhaps for a slight
gradual change due to line loss.

Connecting the generator to a point on the line where the voltage
and current are 200 V and 16 A respectively is equivalent to con-
necting it to a load of 200/1-6 = 125 ). The impedance of the
line at all points can easily be derived from the voltage and current
curves, as at the foot of Fig. 14.6. This curve indicates the impedance
measured at any point when all the line to the left of that point is
removed. The impedance depends, of course, not only on the
distance along the line to the load but also on R, and the load
impedance. From a consideration of the travelling waves it can be
seen that at A/4 intervals the phases of the currents and voltages are
exactly the same as at the load, or exactly opposite; so .that if the
load is resistive the input resistance of the line is also resistive. At
all other points the phases are such as to be equivalent to introducing
reactance. .
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In our example we made the generator resistance, 7, equal to R,.
If it were not, the situation would be more complicated still, because
the reflected wave would not be completely absorbed by the gener-
ator, so part would be reflected back to the load, and so on, the
reflected power being smaller on each successive journey, until
finally becoming negligible. The standing waves would be the
resultant of all these travelling waves. Even quite a long line
settles down to a steady state in a fraction of a second, but it is a
state that is generally undesirable because it means that much of the
power is being dissipated in the line instead of being delivered to
the load.

It should be noted that mismatching at the generator end does
not affect the standing-wave ratio, but does affect the values of
current and voltage attained.

Another result of making r = R, is that any reflection from
the load or elsewhere inevitably impairs tae generator-to-line
matching. That is so even if the generator is connected to a point
where the impedance curve coincides with the 500-{} line in Fig. 14.6,
because then the impedance is reactive. But if r were, say, 2,000 Q,
so that it would be mismatched to the 500-(! iine during the brief
moment following the start, there would be a chance that when the
reflected wave arrived it would actually improve the matching,
even to making it perfect (e.g., if connected at A or B in Fig. 14.6);
but on the other hand it might make it still worse (if connected at
C, D, or E).

It should be remembered that “ perfect > matching is that which
enables maximum power to be transferred; but in practice, as we
have scen in another connection (p. 172) there may be good reasons
for deliberately mismatching at the generator. To take figures we
have already had, it may be considered better to deliver 320 W with
a loss of 80 W than the maximum (500 W) with a loss of 500 W.

THE QUARTER-WAVE TRANSFORMER

An interesting result of the principles exemplified in Fig. 14.6 is
that a generator of one impedance can be perfectly matched to a
load of another by suitably choosing the points of connection.
For instance, a generator with an internal resistance of 125 2 would
be matched to the 2,000 Q load if connected at C, D or E. The
line then behaves as a 1 : 4 transformer. Points can be selected
giving (in this case) any ratio between 1 : 4 and 4 : |, but except at
the lettered points there is reactance to be tuned out.

1t is not necessary to use the whole of a long line as a matching
transformer; in fact, owing to the standing waves by which it
operates it is generally undesirable to do so. We can see from
Fig. 14.6 that the maximum ratio of transformation, combined
with non-reactive impedance at both ends, is given by a section of
line only quarter of a wavelength long. Wc also see that the
mismatch ratio to the line is the same at both ends; in this particular
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case it is 1 : 4 (125 Q to 500 € at the generator end and 500  to
2,000 Q at the load end), which, incidentally, is equal to the voltage
ratio of the whole transformer. In general terms, if R, denotes the
input resistance of the line (with load connected), R, is to R, as
Ry is to R; which means R,/R, = Ry/R, or Ry = v/R,R.

This formula enables us to find the characteristic resstance of the
quarter-wave line nceded to match two unequal impedances, R,
and R. Suppose we wished to connect a 70-Q load to a 280-Q

TWO SECTIONS OF 7001
COAXIAL LINE GIVING 14001

{
2800 PARALLEL LINE (1

\Iz g

LOAD

D V.

Fig. 14.7—Example of a quarter-wave length
of line being used as a matching transformer

parallel-wire feeder without reflection at the junction. They could
be matched by interposing a section of line A/4 in length, spaced to
give a R, of /(70 x 280) = 140 Q. Parallel wires would have to be
excessively close (Fig. 14.7a), but the problem could be solved by
using a length of 70-Q coaxial cable for each limb and joining the
metal sheaths together as in Fig. 14.7, putting the 70-Q2 impedances
in series across the ends of the 280-€ line.

FuLLY RESONANT LINES

Going now to extremes of mismatch, it is of interest to inquire
what happens when the ** load > resistance is either infinite or zero;
in other words, when the end of the line is open-circuited or short-
circuited. Take the open circuit first. If this were done to our
original 500-Q example, the current at the end would obviously
be nil, and the voltage would rise to 1,000—double its amount
across the matched load. This condition would be duplicated by
the standing waves at points A and B in Fig. 14.6; while at C, D,
and E the voltage would be nil and the current 2 A.  The impedance
curve would consequently fluctuate between zero and infinity.

With a short-circuited line, there could be no volts across the end,
but the current would be 2 A; in fact, exactly as at E with the open
line. A shorted line, then, is the same as an open line shifted
quarter of a wavelength along.  Reflection in both cases is complete,
because there is no load resistance to absorb any of the power.

If the generator resistance is very large or very small, nearly all
the reflected wave will itself be reflected back, and so an, so that if
the line is of such a length that the voltage and current maximum
points coincide with every reflection, the voltages and currents will
build up to high values at those maximum points—dangerously
high with a powerful sender. This reminds us of the behaviour of a
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high-Q resonant circuit (p. 102). The maximum current or voltage
points are called antinodes, and the points where there is no current
or voltage are nodes.

When the length of a short-circuited or open-circuited line is a
whole number of quarter-wavelcngths, the input impedance is
approximately zero or infinity. An odd number of quarter-wave-
lengths gives opposites at the ends—infinite resistance if the other
end is shorted, and vice versa. An even number of quarter-wave-

lengths gives the same at each end.
In: between, as there is now no load resistance, the impedance is a

pure reactance. At each side of a node or antinode there are
opposite reactances—inductive and capacitive. If it is a current
node, the reactance at a short distance cach side is very large; if a
voltage node, very low. Fig. 14.8 shows how it varies. It is clear
from this that a short length of line—less than quarter of a wave-
length—can be used to provide any value of inductance or capaci-
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Fig. 14.8—Showing how the reactances of short-circuited and open-
circuited lines vary with their length

tance. For very short wavelengths, this form is generally more
convenient than the usual inductor or capacitor, and, under the
name of a stub is often used for balancing out undesired reactance.

LiNes As TUNED CIRCUITS

A quarter-wave line shorted at one end is, as we have just seen, a
high—almost infinite—resistance. But only at the frequency that
makes it quarter of a wavelength (or an odd multiple of A/4). This
resistance is closely analogous to the dynamic resistance of a parallel

resonant circuit; and in fact a line can be used as a tuned circuit.
At wavelengths less than about 2 metres it is generally more efficient

and easily constructed than the conventional sort.
The lower the loss resistance of the wire, the higher the dynamic

resistance across the open ends; and to match lower impedances
all that is necessary is to tap it down, just as if it were any other

sort of tuned circuit.
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Fig. 14.9 is an example of a conventional tuning circuit, such as
might be used in a receiver, and b is the coaxial equivalent. A
coaxial feeder is also used to connect the aerial, and being normally
about 802 it is tapped low down, near the earthed end. The

T ~
) S S %1

(a) (b)

Fig. 14.9—(a) Conventional aerial input circuit using ** lumped ** components,
and (b) distributed equivalent using a quarter-wave coaxial line

impedance at the top end is normally many thousands of ohms, and
may be too high for the input of a valve, which is quite low at very
high frequencies.

At still higher frequencies, with waves only a few centimetres long,
the inner conductor becomes unnecessary, and power can be
transmitted along hollow pipes (called waveguides) and tuned by
cav:ties. But that is a subject in itself.
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CHAPTER 15

Radiation and Aerials

BRIDGING SPACE

IN THE FIRST CHAPTER of this book the processes of radio com-
munication were very briefly traced from start to finish; since then
we have considered the sender in some detail. Before going on to
the receiver we should know something about how the space in
between is bridged.

We have just seen how electrical power can be transmitted from
one place to another at the not inconsiderable speed of nearly
300.000 kilometres (186,240 miles) per second, in the form of waves
along a line consisting of two closely spaced conductors. A negro
who was asked to explain how it was possible to signal by telegraph
from New York to New Orleans replied by pointing out that when
you tread on the tail of a dog the bark comes out at its head. A
telegraph was like a very long dog, with the tail in New York and
the head in New Orleans. © But what about wireless?” he was
asked. * Same thing, ’cept the dawg am imagin’ry . This reply,
though ingenious, is not perhaps altogether satisfying. How is it
possible to transmit the waves without any conductors to carry the
currents to and fro?

The significant thing about the section on how waves are trans-
mitted along a line (p. 178) is that conduction was hardly mentioned
the important properties of a line are its distributed capacitance and
inductance. In other words, transmission of waves along a line is
primarily a matter of oscillating electric and magnetic fields, located
in the space between and around the two conductors. These
conductors are not required to carry current from one end to the
other, any more than waves on a pond carry the water from one
side to the other; all that the electrons in the conductors do is
oscillate a very short distance locally.

THE QUARTER-WAVE RESONATOR AGAIN

Near the end of the same chapter we found that a line only
quarter of a wavelength long and open at the end, as in Fig. 15.1a,
is equivalent from the generator’s point of view to a series resonant
circuit (b); that is to say, the only impedance the generator faces
is the incidental resistance of the circuit. We saw on p. 102 that
if this resistance is small a very little generator voltage can cause
a very large current to flow and build up large voltages across C
and L. This remarkable behaviour of C and L is due to the electric
field concentrated mainly between the plates of C and the magnetic
field concentrated mainly inside and close around the turns of L.
The main difference between a and b is that in a the inductance and
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capacitance—and therefore the fields—are mixed up together and
uniformly distributed along the length. The distance of the dotted
lines from the conductors in Fig. 15.1 indicates the distribution of
current and voltage along them (p. 181). The dotted lines can be
regarded as marking the limits of the alternations of current and
voltage, just as the dotted lines in Fig. 1.3 marked the limits of
vibration of a stretched string.

An essential feature of a transmission line, even such a short one
as this, is that the distance between the conductors is small compared
with a wavelength—or even quarter of a wavelength. The reason
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is that the explanation of its action is based on neglecting the time
taken for the fields to establish themselves when a current flows or
a p.d. is created. Provided nearly all of each field is close to the
conductors, this assumption is fair enough. But when a current is
switched on, the resulting magnetic field cannot come into existence
instantaneously everywhere; just as a current takes time to travel
along the line, so its effect in the form of a magnetic field takes time
to spread out. And when the current is cut off, the effect of the
remoter parts of the magnetic field collapsing takes time to get
back to the conductor. At points in the field one eighth of a wave-
length from the conductor of the current, the combined delay is
quarter of a wavelength, or quarter of a cycle, which upsets the
whole idea of self-inductance. In fact, this phase delay between a
change of current and the self-induced e.m.f. calls for a driving
e.m.f. in phase with the current, just as if there were a resistance in
the circuit—so far as that piece of field is concerned.

Suppose that in order to study this we open out the two conductors
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of our quarter-wave parallel line to the fullest possible extent, as in
Fig. 15.2. Corresponding to our lumped L and C approximation
to the original parallel line we could draw Fig. 15.3. The opening
out greatly increases the area through which the magnetic field can
pass, so increasing L. The lines of electric field are on the average

Fig. 15.4—The distributed imductance
Fig. 15.3—Approximate representation and capacitance in Fig. 15.2 are better

of the distributed inductance and capaci- indicated by drawing a few lines of
tance in the half-wavelength system of force. The fuil lines are electric and
Fig. 15.2 the broken lines magnetic

much longer, so C is decreased. Again, these two effects almost
exactly cancel out, so the line is still nearly rcsonant to the same
generator frequency. [t can be brought exactly into tune by
shortening it a very few per cent, which will be assumed to be done
even thougk (as in Fig. 15.2) the total length is for simplicity
marked A/2. So the distribution of current and voltage along the
conductors is much the same as before. Looking at Fig. 15.3 we
would say that the current was greatest at the middle because it has
to charge all the capacitance in parallel, whereas near the ends there
is hardly any to charge.

Fig. 15.4 shows some typical electric and magnetic lines of force.
At a